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(54) Title: METHODS AND APPARATUS FOR EFFECTUATING A LASTING CHANGE EST A NEURAL-FUNCTION OE^-V^ uV < 
PATIENT .. .. .. 

(57) Abstract: The following disclosure describes several methods and apparatus for intracranial electrical stimulation ^u^t^r^/J?^ 

otherwise effectuate a change in neural -functions r r ^ ~ * L - J; *~ ~ c — A - * 1 " -- vu ' * - - 

electrically stimulate the brain at a stimulation site \ 
be different than the region in the brain where i 



to the functional organization of the brain. In one embodiment in which neuroplasticity related to the nen^-fimctibn ; 6^ vss^V"* 
brain, the method can include identifying the location where such neuroplasticity is present or expected to occur. In a%altei^ 
embodiment in which neuroplasticity is not occurring in the brain, an alternative aspect is to induce neuroplasticity at a stimulation '^^;^r^^0;y 
site where it is expected to occur. Several embodiments of these methods that are expected to produce a lasting effect on the intended ; £ 

neural activity at the stimulation site use electrical pulses that increase the resting membrane potential of neurons at the stimulation^ 
site to a subthreshold level. ' .V ." "//^r^v ■ 





CROSS-REFERENCE TO RELATED APPLICATION 

[0001] This application claims the benefit of U.S. Application No. 60/325,978 

filed on September 28, 2001 , and is a continuation-in-part of U.S. Application 
No. 09/802,808, filed on March 8, 2001, which claims the benefit of U:S. 
Provisional Application No. 60/217,981, filed July 31, 2000; which are both r 'f -f^v 
incorporated herein by referenced in their entirety. 




TECHNICAL FIELD 



[0002] Several embodiments of methods 



l the invention are . related to electrically stimulating 

other area of the brain to bring about a lasting change in a physiological':".^ 
function and/or a mental process of a patient. ^1- 

BACKGROUND ... ., 

:[ooo3] A wide variety of mental and physical processes are taiownto ^ n i 

^ controlled or are influenced by neural 
- ' ~ brain. In some areas of the brain, such as in the sensory -or -:miiK^^f^(^)^^^^^ wr t 
the organization of the brain resembles a map of the human body; this;js; : ^v<' 



referred to as the "somatotopic organization of the brain." There are several 
other areas of the brain that appear to have distinct functions that are located 
in specific region? of the brain in most individuals. For ^mple,.-ane^ 
occipital lobes relate to vision, regions of the left inferior frontal lobes relate^ 
• to language iri Jhe majority of people, and 

appear to be consistently involved with conscious awareness, me^ity;|ar 
intellect. This type of location-specific functional organization of the braifCirr ; S 
which discrete locations of the brain are statistically likely to control particular : 




WO 03/035163 - >; . ^F9^^^ : S^0^jf^6* 



■Si; 



Omental or physicaf functions in normal individuals, is herein-M!^ 
"functional organization of the brain." 
[0004] Many problems or abnormalities with body functions can be caused by 

damage, disease and/or disorders of the brain. A stroke, for example, is one 
very common condition that damages the brain. Strokes are generally 
caused by emboli (e.g., obstruction of a vessel), hemorrhages (e.g., rupture 
of a vessel), or thrombi (e.g., clotting) in the vascular system of a specific 
region of the cortex, which in turn generally causes a loss or impairment of a 
neural function (e.g., neural functions related to face muscles, limbs, speech, 
etc.). Stroke patients are typically treated using physical therapy to 
rehabilitate the loss of function of a limb or another affected body part. For 
most patients, little can be done to improve the function of the- affected >Jifinii p 
beyond the recovery that occurs naturally without intervention. One^exjsting- ;\ v ^ ;;f;^^^ jo^: 
>fi\? " physical therapy-technique for treating stroke patients cohstraii^qr;reist^f^ ; ^|%|§Si^f f||; 

. - -" ^ kitty . - j^M^^s^^f^'^ 

the use of a working body part of the patient to force the patient toiUste : 1^:™%p?m^$if^? 
affected body part. For example, the loss of use of a limb is treated by " ; ?' '^■■-^f-^y- 
restraining the other limb. Although this type of physical therapy has shown'' ^k^&&&-~ 
some experimental efficacy, it is expensive, time-consuming and little-used. ; ^j-'v^^^}^^:-- 
. Stroke patients can also be treated using physical therapy r p^-la^|u1nl^fJf^ : ^^^^Pf i 
therapies. For example, some types of drugs, such as aM^r^mirws^^^^}^:^^^^^ 
increase the activation of neurons in general, appear -W-enhanc»^ne«ral3^fe^4*#^t 
networks; these drugs, however, have limited efficacy because they 'are y!^; : ^^^^:^:^J- 
non-selective in their mechanisms of action and cannot be delivered in high * ■ ; 

concentrations directly at the site where they are needed. Therefore, there is , v; 
a need to develop effective treatments for rehabilitating stroke patients arid.; 
patients that have other types of brain damage. ' •>> ~ ...w^- 




the cortex is not fully understood. Similarly, the neural activity of brain , w . v 
disorders (e.g., depression and obsessive-compulsive behavior) is also not; > 
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■ / fully understood. Therefore, there is also a need to develop ; rti6re>^f^ye:^^^^^^g: 
treatments for other brain disorders and diseases. 

[0006] The neural activity in the brain can be influenced by electrical energy 

that is supplied from an external source outside of the body. Various neural 
functions can thus be promoted or disrupted by applying an electrical current 
to the cortex or other region of the brain. As a result, the quest for treating 
damage, disease and disorders in the brain have led to research directed 
toward using electricity or magnetism to control brain functions. 

[ooo7] One type of treatment is transcranial electrical stimulation (TES), 

which involves placing an electrode on the exterior of the scalp and delivering ^'f^^^-M^ 
an electrical current to the brain through the scalp and skull. Patents directed^ 
to TES include: U.S. Patent No. 5,540,736 issued to Haimovich et 'al.\ (for,;.;.::- ; V.^^f/"' 
providing analgesia); U.S. Patent No. 4,140,133 issued to.Ka^in.^gl^ 





providing anesthesia); U.S. Patent No. 4,646,744 issued to Capel (for : ^^0;^js^^^^^j^ 
drug addiction, appetite disorders, stress, insomnia and pain); arid "U'.'S;' -iiT^M-^WU^A'' 
Patent No. 4,844,075 issued to Liss et al. (for treating pain and motor \ - ; 

dysfunction associated with cerebral palsy). TES, however, is not widety \ 
used because the patients experience a great amount of pain and ; the:-; E ^v^^h^.^;^, 
electrical field is difficult to direct or focus accurately. ' \. ; V-^'V"y ; : v^:f ^ r ''' 

Another type of treatment is transcranial magnetic' 
Which involved producing a high-powered magnetic 

exterior of the scalp over an area of the cortex. TMS does not 'cause 'the-^ '^^^^^ 
painful side effects of TES. Since 1985, TMS has been used primarily for 
research purposes in brain-mapping endeavors. Recently, however, potential, 
therapeutic applications have been proposed primarily for the ; tr^^rgt; 
depression. A small number of clinical trials have found TMS to be effective- 






[0009] 

with promising results, such as patients with Parkinson's disease 

hereditary spinocerebellar degeneration. Patents and published , patent 7i;t; ^ 

applications directed to TMS include: published international patent;: ,^ 

; . ■ -. ■ . • — ^ 
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application WO 98/06342 (describing a transcranial magn^c^cr^^j j ^i||^'^^^^^ : 
its use in brain mapping studies and in treating depression); U.S. Patent 
No. 5,885,976 issued to Sandyk (describing the use of transcranial magnetic 
stimulation to treat a variety of disorders allegedly related to deficient : . 

serotonin neurotransmission and impaired pineal melatonin functions); and 
U.S. Patent No. 5,092,835 issued to Schurig et al. (describing the treatment. • ^SS 1 :? 

of neurological disorders (such as autism), treatment of learning disabilities, i: 
and augmentation of mental and physical abilities of "normal" people by a 
combination of transcranial magnetic stimulation and peripheral electrical 
stimulation). ^ ,.; 

[0010] Independent studies have also demonstrated • that • TMS :. is ^?^0^^^^^^^^^^ 

produce a lasting change in neural activity within the cortex that occurs for a v ; J 
l-fe'^period/ of time; after terminating the TMS treatment :( B neurqpki|l^^ 

example, Ziemann et al., Modulation of Plasticity in Human MoW^d^M^^^^^^^^^. 
Forearm Ischemic Nerve Block, 18 J Neuroscience 1115 (February " 1 998)^ W 
disclose that TMS at subthreshold levels (e.g., levels at which movement was 
not induced) in neuro-block models that mimic amputation was able to modify:. • f : t< 
" the lasting changes in neural activity that normally aco(Mp'a1ty : ?ampijt^r^^^^|^^^^ 
; , Similarly, Pascual-Leone et al. (submitted for publication) disclose; that ^ 
^ v ; - ^applying TMS' over the contralateral motor cortex 
' : underwent immobilization of a hand in a cast for 5 days can pW^WMiS^i^lSlil 
decreased motor cortex excitability normally associated with immobilization/ ■'•^j?ff ■ v 

Other researchers have proposed that the ability of TMS to produce desired ,^^^0^?^^ 
changes in the cortex may someday be harnessed to enhance neurb^ . 'dy^rtxJ'y- • .. . 
^: rehabilitation after a brain injury, such as stroke, but there areW publish^ ^f^g^^r- 
- studies to date. -^iiii^iU-'iM^^^^^iis^^^^^^^^ 
WA^mp^- '- -'Other 'publications related to TMS 'iridude' ; 'Cbhe^^ 

Neuroplasticity With Transcranial Magnetic Stimulation, 15 , ^ ^JI^I^SiiBBSi ^ 
Neurophysiol. 305 (1998); Pascual-Leone et al., Transcranial Magnetic . 
Stimulation and Neuroplasticity, 37 Neuropsychologia 207 (1999); S^rf et^ 
^ _ al., Induction of Plasticity in the Human Motor Cortex by Paired 

.^y?: " ' -4- ' ' ''\ylM&^^SM^> 
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Stimulation, 123 Brain 572 (2000); Sievner et al., Lasting Cort^/\(^^;; ; : ; ^^^ 

a/fer repetitive TMS of the Motor Cortex, 54 Neurology 956 (Feb. 2000); 

Pascual-Leone et al., Study and Modulation of Human Cortical Excitability 

With Transcranial Magnetic Stimulation, 15 J. Clin. Neurophysiol. 333 (1998); 

and Boylan et al., Magnetoelectric Brain Stimulation in the Assessment Of 

Brain Physiology And Pathophysiology, 111 Clin. Neurophysiology 504 

(2000). 

Although TMS appears to be able to produce a change in the 
underlying cortex beyond the time of actual stimulation, TMS is not presently 



not practical for applying stimulation over an adequate period of time. TMS ; > ; \^ 




'•;;m:-i 



^systems, for example, are relatively complex 
treatments to be performed by a healthcare professional In ^fespi^Pq^^^^^^S 
physician's office. TMS systems also may not be reliable for longeMerm^ ^ 
therapies because it is difficult to (a) accurately localize the regidrv.of ' v ^. : ^£^;^;:.. 
stimulation in a reproducible manner, and (b) hold the device in the correct 
position over the cranium for a long period, especially when a patient; TO°M^^yp^^|^^ 
• *." or during rehabilitation. Furthermore, current TMS systems generally do not > . f' 
: H '^sufficiently focus =.the electromagnetic energy on the desired^ejioj^off^^^^^^.^W 
cortex for many applications. As such, the potentiafth^rape^ic 3 ^!^ 
TMS using existing equipment is relatively limited. : ^ ' '-^ : - : ' : ' : B. ; ^ '■ 

[0013] Direct and indirect electrical stimulation of the central nervous 8y*^./:-'i^^'^^«^V--- 

has also been proposed to treat a variety of disorders and conditions. 
. example, U.S. Patent No. 5,938,688 issued to SchW ^h"6tejS-< : *at :¥ ^^pPS^^ 
phenomenon of neuroplasticity may be harnessed and enhanced 
ff V ; - ^gniW^e disorlere v related to brain injuries caused 

SchifPs implant is designed to increase the level of arousal 
patient by stimulating deep brain centers involved in consciousness. To do 
this, SchifPs invention involves electrically stimulating at least a portion of the f^; : ^^;^^ 
patient's intralaminar nuclei (/.e., the deep brain) using, e.g., an implantable; v 
%r~y Multipolar electrode and either an implantable pulse gen€*atdr f 6rah^ 



■?g^%~'0:^;><\^ ,: >. . ........ , 





radiofrequency controlled pulse generator. SchifPs deep brain implanf^is^ 
highly invasive, however, and could involve serious complications for the 
patient, - 

[0014] Likewise, U.S. Patent No. 6,066,163 issued to John acknowledges the 

ability of the brain to overcome some of the results of an injury through 
neuroplasticity. John also cites a series of articles as evidence that direct 
electrical stimulation of the brain can reverse the effects of a traumatic injury 
or stroke on the level of consciousness. The system disclosed in John . I 
stimulates the patient and modifies the parameters of stimulation based upon 
the outcome of comparing the patient's present state with a reference -stated 
an effort to optimize the results. Like Schiff, 

£|V V - in John is directed to a highly invasive deep brain stimulation system , ^ . v ^ 

[0015] Another device for stimulating a region of the brain is disclosed by . Vr^M' : -' v ^-^ - : 

King in U.S. Patent No. 5,713,922. King discloses a device for cortical ^ : ' ^.'fft : 
surface stimulation having electrodes mounted on a paddle implanted under - :i -rf*: -^S^-^^ 
the skull of the patient. The electrodes are implanted on the surface, of the • • 
brain in a fixed position. The electrodes in King accordingly cannot move 
accommodate changes in the shape of the brain. King also disclpseslthat^^ji 

i f SlectriBal pulsus afire generated by a pulse generator that is^mplahted^ 

patient remotely from the cranium (e.g., subclavicular implantation). ^^ii : ;^^^^r;;^ 
pulse generator is not directly connected to the electrodes, but rather it is 'L^i^ti^^i- 
electrically coupled to the electrodes by a cable that extends from the •>^- : .^^:^y. •.• / 
remotely implanted pulse generator to the electrodes implanted in; ^^M^&S^^^ 

^ ' cranium. The cable disclosed in King extends from the paddle, around they ^ ■••.^,v,^ 



-gv, , vt , skull, 

\ooi6] K " "King discloses implanting the electrodes in cx>nta& vto 

the cortex to create paresthesia, which is a sensation of vibration or "buzz^ 
in a patient. More specifically, King discloses inducing paresthesia in large 




areas by applying electrical stimulation to a higher element of the centra^ ;•• • 
nervous system (e.g., the cortex). As such, King discloses ^placing 
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[0017] 



paresthesia. The purpose of creating paresthesia over a body region 
create a distracting stimulus that effectively reduces perception of pain in the 
body region. Thus, King appears to require stimulation above activation 
levels. 

Although King discloses a device that stimulates a region on the 
cortical surface, this device is expected to have several drawbacks. First, it is 
expensive and time-consuming to implant the pulse generator and the cable 
in the patient. Second, it appears that the electrodes are held at a fixed 
elevation that does not compensate for anatomical changes in the shape of 
the brain relative to the skull, which makes it difficult to accurately apply an 
electrical stimulation to a desired target site of the <#rtex, jg^^ 



m 



[0018] 



specific manner. Third, King discloses directly activating the 
cause paresthesia, which is not expected to cause entrainment of the activity 
in the stimulated population of neurons with other forms of therapy or 
adaptive behavior, such as physical or occupational therapy. Thus, King is 
expected to have several drawbacks. ./M'V-- %■$> 

King and the other foregoing references are also expected to have 





generally apply the therapy to the region of the 

the physiological function or mental process according to the functional 
organization of the brain. In the case of a brain injury or disease, however, 
the region of the brain associated with the affected physiological function or 
cognitive process may not respond to stimulation therapies. * ; Thus, ^xi&^ 

! if- ' * '. r ,t ;,V 

period; 




BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 A is a schematic view of neurons. 
Figure 1B is a grap 
^.. ;. v ^v with normal neural activity 



[0019] 
[0020] 



Figure 1B is a graph illustrating firing an "action potential" associated-/^ 




[0021] Figure 1C is a flowchart of a method for effectuating a neural-function y K : ;;.J;:^ 

of a patient associated with a location in the brain in accordance with one 

embodiment of the invention. 
[0022] Figure 2 is a top plan view of a portion of a brain illustrating neural 

activity in a first region of the brain associated with the neural-function of the :'. # 

patient according to the somatotopic organization of the brain. 
[0023] Figure 3 is a top plan image of a portion of the brain illustrating a loss 

of neural activity associated with the neural-function of the patient used in 

one stage of a method in accordance with an embodiment of the invention. 
[0024] Figure 4 is a top plan image of the brain of Figure 3 showing a changp 

! Wlv -r^H location of the^ neural activity associated with 

patient at another stage of a method in accordance with 

the invention. ' . \^':7'' 

[0025] Figures 5A and 5B are schematic illustrations of an implanting y^^r:.-%y'^/,^ 

procedure at a stage of a method in accordance with an embodiment of the 

invention. " V, T ■ : ; : ^"v.^;*.:* 

[0026] Figure 5C is a graph illustrating firing an "action potential" associating 

>w«*K ofimtiiofo^il^naiirol or^iwih/ in arrhrrlianrft with one J eniro 



with sfimulatecl'lheural activity in accordance with one 
invention. 

[0027] Figure 6 is an isometric view of an implantable stimulation apparatus in 

accordance with one embodiment of the invention. ■ : • -y^^^^^W^ 

[0028] Figure 7 is a cross-sectional view schematically illustrating a part of airi" i^h$S& 

r\4- rvf 4ln an. : ■ >' ■ ' : : > : ! ' " ' 1 ".-I " - ■ . '-*'. 




implantable stimulation apparatus in accordance with an embodiment of thi 
invention. 



; Jm29] " n ^Figure* 8 l is% schematic illustration of a pulse ^stem 

with one embodiment of the invention. 
[0030] Figure 9 is a schematic illustration of an implanted stimulation, 

apparatus and an external controller in accordance with an embodiment of /• f^yX:-7:/l 





[0031] Figure 10 is a schematic illustration of an implantable stimulation^^ 

apparatus having a pulse system and an external controller in accordance 

with another embodiment of the invention. 
[0032] Figure 11 is a cross-sectional view schematically illustrating a part of 

an implantable stimulation apparatus in accordance with an embodiment of 

the invention. 

[0033] Figure 12 is a schematic illustration of an implantable stimulation 

apparatus having a pulse system and an external controller in accordance 
with another embodiment of the invention. 
[0034] ^ . Figure 13 is a cross-sectional view schematirally-;illust^ 

an implantable stimulation apparatus having a pulse system and ^ ;^emal^ 
controller in accordance with another embodiment of the invention. 
[0035] Figure 14 is a bottom plan view and Figure 15 is a cross-sectional view' 

illustrating an electrode configuration for an implantable stimulation - : , ; C a ^i'-i 
apparatus in accordance with an embodiment of the invention. ) : ■:-'-^Si^?^f^^^> 
[0036] Figure 16 is a bottom plan view and Figure 17 is a cross-sectional view . .\ : m : 

;; of an electrode, configuration for an implantable stimulation 
accordance witH another embodiment of the invention. - ; T^r-^w-x . , 

[0037] Figure 1 8 is a bottom plan view and Figure 1 9 is a crdss-sectidnal view? '"^fr^^iw^.' 

of an electrode configuration in accordance with yet another embodiment -of 
the invention. - r--'^}^^^^ . 

[0038] Figure 20 is a bottom plan view of an electrode configuration E foN^ 

implantable stimulation device in accordance with yet another embodiment of 
f the invention, 'fit: 
[0039] Figure 21 is a bottom plan view of an electrode configure 

implantable stimulation device in accordance with another embodiment of thfe^; ^ 
invention. ' -'^>'-:?./ - v -f^'^^^^^#^ 

[0040] Figure 22 is a bottom plan 

electrode configuration for use with an implantable stimulation apparatus^ irr 





view of yet another embodiment of anv '•(I^WM^ > 
i an imoantabe stimu ation aDoaratus in ^ S - 4 



7 • S^%f1(>7~: 



accordance with the invention. ..: * ^^^W^^S^^^M 
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[0041] 



[0042] 



[0043] 



^?[0p44] 



[0045] 



[0046] 



i[6p47]f 



[0048] 



[0049] 



Figure 23 is a bottom plan view and Figure 24 is a cross-sectional 'WBm'h^^^^^h^<A 
of an electrode configuration for use with a stimulation apparatus in 
accordance with still another embodiment of the invention. ^ ^ 

Figure 25 is an isometric view schematically illustrating a part of an ^' 
implantable stimulation apparatus with a mechanical biasing element in 
accordance with an embodiment of the invention. 

Figure 26 is a cross-sectional view of a stimulation apparatus having a 
mechanical biasing element that has been implanted into a skull of a patient » 
in accordance with an embodiment of the invention. 

Figure 27 is a cross-sectional view 
stimulation apparatus having a biasing element in accordance with an 
embodiment of the invention. 

Figure 28 is a cross-sectional view of a stimulation apparatus having a,yJ-->:/* : 
biasing element in accordance with still another embodiment of the invention. 

Figure 29 is a cross-sectional view of a stimulation apparatus having 4 aT ^f; " 
biasing element in accordance with yet another embodiment of the invention; ^ ^ 

Figure 30! is a cross-sectional view of a stimulation apparatife; haying 
biasing element in accordance with yet another embodiment of the ihvention; 

Figure 31 is a cross-sectional view schematically illustrating a portion 
of an implantable stimulation apparatus having an external power source and ^¥n^^^0^^y ^ * 
pulse generator in accordance with an embodiment of the invention. ' J 



Figure 32 is a cross-sectional view schematically illustrating a portion 7 






of an implantable stimulation apparatus having an 
;^ffW j ' pulse generatocih^i^rdance with another embbdima^^^i]^^^^^^|p^^^^pp 
[0050] Figure 33 is a cross-sectional view illustrating in greater detail 'aV: •>/. ' 

[0051] Figure 34 is a cross-sectional view schematically illustrating a portion" :! 

of an implantable stimulation apparatus and an external .controlled 
accordance with another embodiment of the invention. 



portion of the implantable stimulation apparatus of Figure 32. 
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• [0052] Figure 35 is a cross-sectional view schematically illustrating a portion: 

of an implantable stimulation apparatus and an external controller in rJr/U^f 

accordance with yet another embodiment of the invention. 
[0053] Figure 36 is a cross-sectional view schematically illustrating a portion 

of an implantable stimulation apparatus in accordance with yet another 

embodiment of the invention. 
[0054] Figure 37 is an isometric view and Figure 38 is a cross-sectional view 

illustrating an implantable stimulation apparatus in accordance with an 

embodiment of the invention. y 
^[0055] Figure 39 is a cross-sectional view illustrating-" "art^f^tei^l^^^^^^^^ 

stimulation apparatus in accordance with yet another embodiment of : the ./ 

invention. " • ' ' .< ^ ''^IS^v./pfff . 

[0056] Figures 40A and 40B illustrate an implantable stimulation apparatus in -J§%..r';-' 

accordance with another embodiment of the invention. y , 

[0057] Figures 41 A and 41 B illustrate an implantable stimulation apparatus in^'v 

• ^ accordance with another embodiment of the invention 
Vt6o58] Figures 42A and 42B illustrate an implantable stirfifil^^^ 

accordance with another embodiment of the invention. " ;Vr - r r ^-%T ''-^^^^^ 

[0059] Figures 43A and 43B illustrate an implantable stimulation. appa^ 

accordance with yet another embodiment of the invention. : v : ;'Z 

[ooeo] Figures 44A and 44B illustrate an implantable stiYnulaB6ri¥^ 

accordance with still another embodiment of the invention. : : . \= " ^ ^ t S^c^ft^ ' ^ S^-U, ^ ^ 
l[bb6ir^ • • "Figure 45 ^is a schematic illustration of an implaind&ll^^ 

apparatus in accordance with an embodiment of the invention. : " ^ 

DETAILED DESCRIPTION ■■■ i • . • •• >^^Mi^^^^ :j 

[0082] The following disclosure describes several methods and apparatus foK 



intracranial electrical stimulation to treat or otherwise effectuate a change ";inl : ,,> 
neural-functions of a patient. Several embodiments ^^ofiimetHod&linS^^^^^^ 



patient. Several embodiments<^of;4meth6ds®inp^^^^W 

■ ■ ; •■■ • .. . , - ^i-m^^^^^^^m^^^^ 

accordance with the invention are directed toward enhancitm^ 
inducing neuroplasticity to effectuate a particular rieurai^ 
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Neuroplasticity refers to the ability of the brain to change or adapt over ^^^^^^^jM^ 
It was once thought adult brains became relatively "hard wired" such ; that 
functionally significant neural networks could not change significantly over - : . ;Kr£ 
time or in response to injury. It has become increasingly more apparent that 
these neural networks can change and adapt over time so that meaningful 
function can be regained in response to brain injury. An aspect of several 
embodiments of methods in accordance with the invention is to provide the ; ^ 

appropriate triggers for adaptive neuroplasticity. These appropriate triggers 
appear to cause or enable increased synchrony of functionally significant ^ 
populations of neurons in a network. - ; - ^ 

10063] Electrically enhanced or induced neural stimulation in accordance with 

several embodiments of the invention excites a portion of a neural network; ^f^^^Mf^^y- 
involved in a functionally significant task such that a selected population of 
M ■ neurons can become more strongly associated with that network. Because - v v ^ • 

; ^ r^; i such a network will subserve a functionally meaningful task, suc^ as rr^^ 
- : # rf'" rtlearfiing, thefbh^nges are more likely to be lasting "berali^ 

continually being reinforced by natural use mechanisms. the nature of 
stimulation in accordance with several embodiments of the invention ensures- 
that the stimulated population of neurons links to other neurons -in "the*;, ^^^^yr-' 
functional network. It is expected that this occurs because action potenti^^|^^||||^i^. 
? ; : are not actually caused by the stimulation, but rather are caused by : ;-; : :';* T -;'.^ 

: ? . : ; ... .interactions with other neurons in the network. SeveFa!y;aspe.c^;^^^ 
# f ■ ^ electrical stimulation in accordance with selected embodiments- 

invention simply allows this to happen with an increased prob^ilHy.when'^^g.^^^^^l;; 
network is activated by favorable activities, such as rehabilitation or Ijmb use;v &£$0*\.-: 
[0064] The methods in accordance with the invention can be used to; treat \:i ^ _ • I- 

y. brain damage (e.g., stroke, trauma, etc.), brain disease .(e.g,, :; .i^pip^||^^^^|p^ 

• . r Pick's, Parkinson's, etc.), and/or brain disorders (e.g., epilepsy, depression, ■ . , ; - 

; ^l§f ift^-etc.). The methods in accordance with the invention .cah^fsfif^gi^i^M^^^M 
: : : " enhance functions of normal, healthy brains (e.g., i^m^^m^W^^^^^^^m 
to control sensory functions (e.g., pain). ''' " ' T- ; ■t^^w^fi^^* 4 
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Vc.. [01365] Certain embodiments of methods in accordance 

electrically stimulate the brain at a stimulation site where neuroplasticity is 
occurring. The stimulation site may be different than the region in the brain 
where neural activity is typically present to perform the particular function 
according to the functional organization of the brain. In one embodiment in 
which neuroplasticity related to the neural-function occurs in the brain, the 
method can include identifying the location where such neuroplasticity is 
present. This particular procedure may accordingly enhance a change in the 
neural activity to assist the brain in performing the particular neural function. 
In an alternative embodiment in which neuroplasticity is not occurring in the 



brain, an aspect is to induce neuroplasticity at a stimulation site where it is, \s; 
expected to occur. This particular procedure may thus induce a change in * 
the neural activity to instigate performance of the neural function. Sey^^^^^^^^P^^i 
embodiments of these methods are expected to produce a lasting effect on --V -^^m" 7 '^- 
<fiy^rfhe intended neural activity at the stimulation site. "v;:\;^ ;j v ^t^^i^j^^^jj^ 

[6066] The specific details of certain embodiments of the irivOTtiofi^are^set; || ^^^t^lp^ 

forth in the following description and in Figures 1A-40 to provide a thorough t'-'-t^^^^' 
understanding of these embodiments to a person of ordinary skill in- the ;art^- :^i^^^^:0f^'.-- 
More specifically, several embodiments of methods in accordance with the \ i^y^; v ;'. . 
invention are initially described with reference to Figures 1-5G, , B^i : ^^^f^^^^^^ 
several embodiments of devices for stimulating the cortical and/or deep-brain 
^f;j-^^;^gions of the brain are described with reference 

skilled in the %t will understand that the present ihve : riti6h T '*rna^ 
additional embodiments, or that the invention can be practiced -without f ir 1 
several of the details described below. 

A. Methods for Electrically Stimulating Regions of the Brain 



1. Embodiments of Electrically Enhancing Neural 
Activity 



[0667] Figure 1A is a schematic representation of several 

Figure 1 B is a graph illustrating an "action potential" related to neural a&m^ 

13 " ^^^^ 
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. t&fcar'WttK v. ,...'1 . 



a-mrma\ vte^gr\^' Neural activity is governed .by. 
generated in neurons. For example, neuron N1 can send excitatory inputs to : 

neuron N2 (e.g., times ti, t 3 and U in Figure 1B), and neuron N3 can send 
inhibitory inputs to neuron N2 (e.g., time t 2 in Figure 1B). The neurons 
receive/send excitatory and inhibitory inputs from/to a population of other 
neurons. The excitatory and inhibitory inputs can produce "action potentials" 
in the neurons, which are electrical pulses that travel through neurons by 
changing the flux of sodium (Na) and potassium (K) ions across the cell y 
membrane. An action potential occurs when the resting membrane potential 
of the neuron surpasses a threshold level. When this threshold level is . : ; . ; ; ;v.. :;; .. 
reached, an "all-or-nothing" action potential is generated. For example; -as 
shown in Figure 1 B, the excitatory input at time U causes neuron N2 to "fire" 
an action potential because the input exceeds the threshold level for 
generating the action potential. The action potentials propagate 
• ^ i 1 Tf length of the axon (the long process of the neuron that makes up.nerves] orf^- ^ 
neuronal tracts) to cause the release of neurotransmitters from that neurbn ' 
. that will further influence adjacent neurons. 4 
[0088] Figure 1C is a flowchart illustrating a method 100 for e#ecMiig n ^" ^J^SS!^" 

neural-function in a patient in accordance with an embodiment ^ifesAi^SlKfei 
invention. The neural-function, for example, can control a specific mental y^ij\ 
process or physiological function, such as a particular rrioto^Tf^^ 
' I sensory function (e.g., movement of a limb) that is normally associated^i^;^^g|^P;, 
neural activity at a "normal" location in the brain according to the functional ; ; ; 
organization of the brain. In several embodiments of the method 10Q r at |eas|j j 
some neural activity related to the neural-function can be occurring at a site 
. , in the brain. The site of the neural activity may be at the iwrmal '-^^^^^^^^^ 
' ^. where neural activity typically occurs to carry out the neural-funcjiort; 

S^S^^^accorSlng to the functional organization of the brain, 
: v ; f activity may be at a different location where the brain 'ha^fe^^i^ml^|iy^^ 

to perform the neural activity. In either situation, one aspect of several ' 



- ■ - - .-. .■ -y^ ■-■«.■■■ 

•••• rw. 
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embodiments of: the method 100 is to determine...the: 
where this neural activity is present. 
[0069] The method 100 includes a diagnostic procedure 102 involving 

identifying a stimulation site at a location of the brain where an intended 
neural activity related to the neural-function is present. In one embodiment, 
the diagnostic procedure 1 02 includes generating the intended neural activity 
in the brain from a "peripheral'' location that is remote from the normal 
location, and then determining where the intended neural activity is actually 
present in the brain. In an alternative embodiment, the diagnostic procedure 
102 can be performed by identifying a stimulation site where neural ;£#iyifcf '^^^^^f^ 
has changed in response to a change in the neural-function. The method :, , , 4^ t.i^ y; 
100 continues with an implanting procedure 104 involving poiltk)nfi^^rlf ;? »^-|^^^^^ 
and second electrodes at the identified stimulation site, and a stimulating i 
^ • ; procedure 106 involving applying an electrical current between 
second electrodes. Many embodiments of the implanting pra 

position two or more electrodes at the stimulation site, but other embodiments > V'^ 

of the implanting procedure involve positioning only one electrode; ^t v t^;^#^^^^te^ - 
stimulation site and another electrode remotely from the stimulation site^As^ 
such, the implanting procedure 104 of the method 1 00 can include' ''Ja^a^^-^^f^^^^'' 
at least one electrode at the stimulation site. The procedures ; 1 02^106 "j^^C^^i^^ 
described in greater detail below. 
[0070] Figures 2-4 illustrate an embodiment of the diagnostic procedure 102: 

The diagnostic procedure 102 can be used to determine the region of ^he - ^ 
brain where stimulation will likely effectuate the desired furictioh^st^ 
rehabilitating a loss of a neural-Junction caused by a stroke, trauma, ^di^ease^^^i^^^^^^^^ 
^ - or other circumstance. Figure 2, more specifically, is an image of a normal/ ; ./" yf v ' 
yfe; a . ^healthy brain 200 having a first region 210 where the intendfedf ^neural|a^yg|^^^^ 




occurs* to effectuate a specific neural^nction in a^^ 

functional organization of the brain. For example, the neural activity in .the>% ^tf^M^ 
first region 210 shown in Figure 2 is generally associated with the movement '.-^m^^-f.: 
of a patient's fingers. The first region 210 can have a high-intensity area ^•'^■^^J-;;., 

-is- ■ • ■' ■>-li^S|iS5i^iiSi*^ 



and a low-intensity area 214 in which different levels of neural^atfw^ 
It is not necessary to obtain an image of the neural activity in the first region 
21 0 shown in Figure 2 to carry out the diagnostic procedure 1 02, but rather it 
is provided to show an example of neural activity that typically occurs at a 
"normal location" according to the functional organization of the brain 200 for 
a large percentage of people with normal brain function. It will be 
appreciated that the actual location of the first region 210 will generally vary s : . 
between individual patients. 

The neural activity in the first region 210, however, can be impaired. 
In a typical application, the diagnostic procedure 102 begins by taking: -an^j^^a^^^f 1 "* 
image of the brain 200 that is capable of detecting neural activity tajj -^4 : ^Jt|3S£ .'■ 
determine whether the intended neural activity associated with the particular -r^-^ v ;; "^>« v - 
neural function of interest is occurring at the region of the brain 200 vf^f^^^J;^^mm 
normally occurs' according to the functional organization ^'^-^H^M^^Mm^^^^ 

3 is an image of the brain 200 after the first region 210 has been affected y ' : I 'Jf^} \ 
(e.g., from a stroke, trauma or other cause). As shown in Figure 3, the neural ^ . 
activity that controlled the neural-function for moving th6 fingers' ha ]^§&-fi'^^^ ! ^- <: '' 
occurs in the first region 210. The first region 210 is thus "inadive/ whjc^ 

expected to result in a corresponding loss of the movement and/or sensation \ . ^ ' 
in the fingers. !n some instances, the damage to the brajiiy2i^mjy..ra^lt4^^^^^^^^ 
only a partial loiss of the neural activity in the damaged regibnQln^!flr^|e^s^^^^^^^p 
the image shown in Figure 3 establishes that the loss of the neural-function is;. : : y . . 
related to the diminished neural activity in the first region 210. The brain 200 
may accordingly recruit other neurons to perform neural activity 
affected neural-function (i.e., neuroplasticity), or the neural activity 
be present at any location in the brain. ' ' : ; y^'c^i^. : y 

y. ; - figure 4 -is ; an image of the brain 200 \\\\JS^re^ ^^0^^^^^^^^B 
stimulation sitis 220 and 230 for effectuating the n«M4UftgttoA^ 
originally performed in the first region 210 shown in Figure X f igures'3iandV v :^^^ 

4 show an example of neuroplasticity in which the brain com^r^^.l^^^^^^^g^ 
loss of neural-function in one region of the brain by recruiting other regions of 





[0073] 



the brain to perform neural activity for carrying out the affected ^neural 
function. The diagnostic procedure 102 utilizes the neuroplasticity that 
occurs in the brain to identify the location of a stimulation site that is expected 
to be more responsive to the results of an electrical, magnetic, sonic, genetic, 
biologic, and/or pharmaceutical procedure to effectuate the desired neural- 
function. 

One embodiment of the diagnostic procedure 102 involves generating 
the intended neural activity remotely from the first region 210 of the brain, 
and then detecting or sensing the location in the brain where the intended 

neural activity has been generated. The intended neural activity can be 

generated by applying an input that causes a signal to be sent to the -brain:-; '•^^ 
For example, in the case of a patient that has lost the use. of , a '^'el^^g^^^^fe 
■affected limb is moved and/or stimulated while the brain is scanned ;ij|i^sa^^^^^^^ 
■ known imaging technique that can detect neural activity (e.g., functional MRI, y;. ''^Pyy TJ\\ 
positron emission tomography, etc.). In one specific embodiment, the ! ^ 
affected limb can be moved by a practitioner or the patient, stimulated f by ; ^ ^ ' ^ 

sensory tests {e.g., pricking), or subject to peripheral electriral stimu|ati^^,;lpj|^^>. 
The movement/stimulation of the affected limb produces a peripheral neural ^ ^ — " • 




present can be identified using the imaging technique. Figure ^/for'e^WpliS,:!;:;^.' 
can be created by moving the affected fingers and then noting where neural 
activity occurs in response to the peripheral stimulus. By peripherally 
generating the intended neural activity, this embodiment may foc^g^g^fj^j^^ 
identify where the brain has recruited matter (i.e., sites 220 and 230) to 



• ' ^ -[t)074] 




An alternative embodiment of the diagnostic pirbc&iu^ 
identifying a stimulation site at a second location of the brain where' IhVj^f £f§§|S$ * 
neural activity has changed in response to a change in the nw^qctid^^^^l:^^^ 
the patient. This embodiment of the method does not necessarily requife.^^,|p||g^ .. 
the intended neural activity be generated by peripherally'-actu^tirlgfo|^^^^^^^ 
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v« y. ■ • ...... - •"rv^?^ 

stimulating a body part. For example, the brain can be scanned for neural v _ J; 4 :%,.. , ^ ! - r - 
activity associated with the impaired neural-function as a patient regains use 
of an affected limb or learns a task over a period of time. This embodiment, 
however, can also include peripherally generating the intended neural activity 
remotely from the brain explained above. . ' , • 

[0075] In still another embodiment, the diagnostic procedure 102 involves : S*}*& - V ■ ' 

identifying a stimulation site at a location of the brain where the intended 
neural activity is developing to perform the neural-function. This embodiment 
is similar to the other embodiments of the diagnostic procedure 102, but it 
can be used to identify a stimulation site at (a) the normal region ; of .the. braia> : r0^g^<t 
where the intended neural activity is expected to occur according to the. 



l ffunetj6Vial organization of the brain and/or (b) a different regi^vi^i^*^^ 




[0076] 



neural activity occurs because the brain is recruiting additional' matter 



perform the neural-function. This particular embodiment of the method" r*- : ^m- : ^ 
involves monitoring neural activity at one or more locations where the neUnai;, ^ ;>^g,-;-^' 
activity occurs in response to the particular neural-function of interest. For -If'^yfaJ},: 
example, to enhance the ability to learn a particular task (e.$., "playirlg'faf - : ^ ! ^^||^ 
musical instrument, memorizing, etc.), the neural activity can be monitored, 
-while a person'iperforms the task or thinks about performing 



stimulation sites can be defined by the areas of the brain where ^ th^'heW:. ^ ^ v, i: ^ m ^ <xn * 
activity has the highest intensity, the greatest increases, "and/or 'otHier ' '^% h ^fy_ffC[ 
parameters that indicate areas of the brain that are being usedld 

particular task. ^ _ . ^fe'^!^^^^ 

Figures 5A and 5B are schematic illustrations of the implanting 

procedure 104 described above with reference to Figure 1C"fc 



ihe first and second electrodes relative to a P°rt'°" : ° f ^'^ir^^ 
500. Referring to Figure 5A, a stimulation site 502 is identified in ac^rdan^;:;^^.^'^! ^ Vj 
with an embodiment of the diagnostic procedure 102. In one embodiment, a * j-> ; ^ ; 
skull section 504 is removed from the patient 500 adjacent to ihe slVmulafi^l^J^gV^f^'' 
site 502. The skull section 504 can be removed by boring a hpl^-^f^J?;^^^^^^^ 
in a manner known in the art, or a much smaller hole can be formed in, the . r 
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skull using drilling techniques that are also known in the art. 
hole can be 0.2-4.0 cm in diameter. Referring to Figure 5B, ah implantable / 
stimulation apparatus 510 having first and second electrodes 520 can be 
implanted in the patient 500. Suitable techniques associated with the 
implantation procedure are known to practitioners skilled in the art. After the ' ' 

stimulation apparatus 510 has been implanted in the patient 500, a pulse ! • /'• ■ 
system generates electrical pulses that are transmitted to the stimulation site 
502 by the first and second electrodes 520. Stimulation apparatus suitable 
for carrying out the foregoing embodiments of methods in accordance with 
the invention are described in more detail below with reference to the 
Figures 6-40. .... . -{.^is^^S^^^^- 

[<jo77] ^ Several embodiments of methods for e nnancin 9. :n e^ 

accordance with the invention are expected to provide ' lasting . results ;^||Sf p^^|^ 
promote the desired neural-function. Before the present invention, electrical j . 
and magnetic stimulation techniques typically stimulated the normal locations, ^i^M^'r:^- 
of the brain where neural activity related to the neural-functions _ oec *^jJg^^^^t 
according to the functional organization of the brain! Such cbn^ic^'-^^^J^^;]^:- 
techniques, however, may not be effective because the i jTeuronS; J^-^i^m^^^^^ 
; "normal locations" of the brain may not be capable of carrying 
activity because of brain damage, disease, disorder, and/or becausefffc 
variations of the location specific to individual patients. Several embodiments 
of methods for enhancing neural activity in accordance '^'^iffiftfjtfMft 
overcome this drawback by identifying a stimulation site bajsed^on 
neuroplastic activity that appears to be related to the neural-function. By first 





biologic, and/or pharmaceutical) applied to this location will be more effective . .<,£-•.:••• ;;*;;:,•>•> ,• 
than conventional techniques. This is because the location that the brajnjjs ^ 
recruiting for the neural activity may not be the "normal location" wher^Jhg?^|p^|||_ 
neuro activity would normally occur according to the functionahprg#ni|^^|^|^^^^^ 
of the brain. Therefore, several embodiments of methods for enhancing-: 



-19- 




neural activity in accordance with the invention are expected • td\proy|ij^.^^^^^^ 
lasting results because the therapies are applied to the portion of the brain 
where neural activity for carrying out the neural-function actually occurs in the 
particular patient. 

2. Electrically Inducing Desired Neural Activity 

[0078] The method 100 for effectuating a neural-function can also be used to 

induce neural activity in a region of the brain where such neural activity is not 
present. As opposed to the embodiments of the method 1 00 described above ; ^ , 

for enhancing existing neural activity, the embodiments of the method 100 for 




image of the brain seeking to locate where neuroplasticity is occurring may 



be similar to Figure 3. An aspect of inducing neural activity, therefore, is to - ; ; - s ;.'>^ ■• 
develop a procedure to determine where neuroplasticity is likely to occur. 



[0079] A stimulation site may be identified by estimating where the brain will: 7; 

likely recruit neurons for performing the neural-function. In one embodiment, ; ^ 

-the location of :the stimulation site is estimated by dsFm^;3^^'^^^^^^^^^l 
brain that is proximate to the normal location where neural activit^:re1a%|-|ol|^|^^^^p 
the neural-function is generally present according to the funcrtioh^ 
organization of the brain. An alternative embodiment for -loc^ji^-^^i^^^^J^^ 
stimulation site includes determining where neuroplasticity hM'^typic9iij4^^^^g^ ;l l;_ 
occurred in patients with similar symptoms. For example, if the' bfain'^ica^'f^^l^^^;?' * 
recruits a second region of the cortex to compensate for a loss of ne^K^g^|gg^^ 



Activity in the' hdfmal region of the cortex, then the second-region the 
cortex can be selected as the stimulation site either with or 
the neural activity in the brain. 
[008O] Several embodiments of methods for inducing neural - 'aSivity^^ 

accordance with the invention are also expected to provide lasting results^ 
that initiate and 'promote a desired neural-function. By first estimating the 





occur, therapies applied to this location may be more effective^ 

conventional therapies for reasons that are similar to those explained above ; 

regarding enhancing neural activity. Additionally, methods for inducing 

neural activity may be easier and less expensive to implement because they 

do not require generating neural activity and/or imaging the brain to ■ . . 

determine where the intended neural activity is occurring before applying the 

therapy. 

3. Applications of Methods for Electrically Stimulating 
Regions of the Brain 

[0081] The foregoing methods for enhancing existing neural-^ 

inducing new neural activity are expected to be useful for many applications. 
As explained above, several embodiments of the method 100 involve 
determining an efficacious location of the brain to enhance or induce ian 
intended neural activity that causes the desired neural-functions to occur% ;#-^|v#|p^{^^ 
Additional therapies can also be implemented in combination ' witfr^ 
electrical stimulation methods described above. Several specific applications^ 

^ ; using embodiments^ of electrical stimulation methods in accoiffi^ 

invention either alone or with adjunctive therapies will now be desOTbed^but^ 
it will be appreciated that the methods in accordance with the invention carV rsy; ^r. 

be used in many additional applications. t . ^ ^ ^'^^S^^;^ 

a. General Applications , y -^^^^i^^^^^k^ 



m 




[0082] The embodiments of the electrical stimulation methods: d^cribeci^| 

above are expected to be particularly useful for rehabilitating a loss of nfental^S 



lation methods- desOTDea^^^ 
labilitatihg a: I6$s ^W 1 ^^^^^^^ 
functions, motor functions and/or sensory functions caused by damage .t^:tH^iJ;^' ; J> 
brain. In a typical application, the brain has been damaged by a stroke or 
trauma (e.g., automobile accident). The extent of the particular ■W«ih; ; aaTti^r^iJ^^^;;' 
can be assessed using functional MRI or another appropriate '| m |^|^|^^^^^^^^ 
technique as explained above with respect to Figure 3. A stimulation site can -., \ .^:^Efv . 
,,, then be identified, by: (a) peripherally stimulating .a ^^^f^i^^^^^^^M 
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affected by the brain damage to induce the intended neural activity. f 
determining the location where a response neural activity ^cctir^ 
determining where the neural activity has changed as a patient gains more 
use of the affected body part; and/or (c) estimating the location that the brain 
may recruit neurons to carry out the neural activity that was previously 
performed by the damaged portion of the brain. An electrical stimulation 
therapy can then be applied to the selected stimulation site by placing the 
first and second electrodes relative to the stimulation site to apply an 
electrical current in that portion of the brain. As explained in more detail 




affected body part will produce a lasting neurological effect for rehabilitating; 
the affected body part. : - ^ v- J 

[0083] Several specific applications are expected to have a stimulation site; in " : ^?^?^^^ r 

the cortex because neural activity in this part of the brain effectuates ^w o |^|ts#||il^|*;, 
functions and/or sensory functions that are typically affected by a stroke or ; r " 

trauma. In these applications, the electrical stimulation can ;be : app(ied 
?v " f ■ directly to the p'ial surface of the brain or at least proximate to the pial Vurfa'cll 
(e.g., the dura mater, the fluid surrounding the cortex, or neurons within : t^ 
cortex). Suitable devices for applying the electrical stimulation to the cortex • - 'VMS; 
are described in detail with reference to Figures 6-40. ■ ^ 

[0084] The electrical stimulation methods can also be used wjth f a(iupc||g^|^^^ 

r therapies to rehabilitate damaged portions of the brain. In one embodiment, /.^ . . 

the electrical stimulation methods can be combined :with<p^ra|^erap^ ; ?^|g^^^^g 
and/or drug therapies to rehabilitate an affected neural- furK*p^7>;fpj:^^^^^^p^ 
example, if a stroke patient has lost the use of a limb; : the patier^ 
treated by applying the electrical therapy to a stimulation site where'^^^g 

intended neural activity is present while the affected limb is also subject;^ 

physical therapy. An alternative embodiment can involve^ applyJhp^i^l|^^^^ 
electrical therapy to the stimulation site and chemically treating the patient; , 
S':»>44|^:^^ing%mpr^mli!*B3 or other suitable drugs. ' • VM^^Mf^.^m^^^^^ 
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^[0085] The embodiments of the electrical stimulation methods, desoib^^^^^^^p 

above are also expected to be useful for treating brain diseases, such as 
Alzheimer's, Parkinson's, and other brain diseases. In this application, the 
stimulation site can be identified by monitoring the neural activity using 
functional MRI or other suitable imaging techniques over a period of time to 
determine where the brain is recruiting material to perform the neural activity 
that is being affected by the disease. It may also be possible to identify the 
stimulation site by having the patient try to perform an act that the particular 
disease has affected, and monitoring the brain to determine whether any 
I ■ • response neural activity is present in the brain. After identifying where; the 
brain is recruiting additional matter, the electrical stimulation can be applied 
to this portion of the brain. It is expected that electrically stimulating the ' * ^'-/" 
regions of the brain that have been recruited to perform the neural .activity;, 
which was affected by the disease will assist the brain in offsetting, thevi >^W^&^,i 
' damage caused by the disease. ^^m^^^^^^ 
[0086] The embodiments of the electrical stimulation methods describe^ 

£bove are alstf^cpected to be useful for treating neurological ^^hl^re; 
as depression, passive-aggressive behavior, weight control, and other 
disorders. In these applications, the electrical stimulation can be applied to a 
stimulation site in the cortex or another suitable part of the brain \fa'^\iie'^ 
activity related to the particular disorder is present. The emttodirira^ 
electrical stimulation methods for carrying out the particular therapy'can be ^ 
adapted to either increase or decrease the particular neural, activity jjj;^^ 
'manner that produces the desired results. For example, '^f^^^f^^^^^^^^^ 
phantom sensations associated with the amputated limb.' This phehbnfenol^ 
can be treated by applying an electrical pulse that reduces the phantom v i ^ • 
sensations. The electrical therapy can be applied so that it wiirmoduiaWthe J^f^^J/? ' 
ability of the neurons in that portion of the brain to execute senspn/fun 
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4:... , b. Pulse Forms and Potentials 

i 

[0087] The electrical stimulation methods in accordance with the invention 

can use several different pulse forms to effectuate the desired neuroplasticity. 
The pulses can be a bi-phasic or monophasic stimulus that is applied to 
achieve a desired potential in a sufficient percentage of a population of 
neurons at the stimulation site. In one embodiment, the pulse form has a 
frequency of approximately 2-1000 Hz, but the frequency may be particularly ' : 
useful in the range of approximately 40-200 Hz. For example, initial clinical 

•x- • trials are expected to use a frequency of approximately 50-100 Hz. v-Th^^ttteltf^ 
pulses can also have pulse widths of approximately 10(xs-100ms, ".or 
specifically the pulse width can be approximately 20-200tis. For example, a • ^ ' 
pulse width of 50-1 00|is may produce beneficial results. v ^ "--f^^ 

[0088] One possible application of the invention involves enhancing- 

inducing neuroplasticity by raising the resting membrane potential of neurons ^vV^& v^*"' 
to bring the neurons closer to the threshold level for firing an action potential $ iftliife^ft^fe 

fp^rr-This rriodel i^teed on the premise that the rc&ting*]^^ 

membrane can change. Because the stimulation raises the" 'renting 
membrane potential of the neurons, it is expected that these neurons are • ;v # 
more likely to "fire" an action potential in response to excitatory input at a 
lower level. Another model for enhancing or inducing neuraf ^)Ia^tia^ 
based on the premise that EEN stimulation generates a widespread -.hortf; 





neural activity depolarizes the postsynaptic membrane arid* r ^ ^^--^i^ 
remove the magnesium ion from NMDA channels. If '"a synapse ^ 
activated by behaviorally induced activity before the magnesium - blbd< is -Jrefe ; 
established, calcium ions can more easily flow into the cell and 
EEN induced removal of the magnesium block would briefly 
neuron's susceptibility for LTP. Subsequent behavioral activation of thej 
isynaptic connection would then trigger LTP and strengfeeli ju^A 
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In either model, the electrical stimulation enhances or induces neural M "J^^^^h:-- 
plasticity to carry out an intended neural function. 
[0089] Figure 5C is a graph illustrating applying a subthreshold potential to • 

the neurons N1-N3 of Figure 1A. At times ti and t 2 , the excitory/inhibitory 
inputs from other neurons do not "bridge-the-gap" from the resting potential at 
-X mV to the threshold potential. At time the electrical stimulation is 
applied to the brain to raise the resting potential of neurons in the stimulated 
population such that the resting potential is at -Y mV. As such, at time ti 
when the neurons receive another excitatory input, even a small input 
exceeds the gap between the raised resting potential -Y mV -and the -W^^^. 
threshold potential to induce action potentials in these neurons. For r ^^T/^ 
example, if the resting potential is approximately -70 mV and the threshold vS^fe^ ;^Tv 




potential is approximately -50 mV, then the electrical stimulation can be . , 
applied to raise the resting potential of a sufficient number of neurons id ^ : ^y^'^y^ : . 
approximately -52 to -60 mV. 
[0090] The actual electrical potential applied to electrodes implanted in the 



brain to achieve a subthreshold potential stimulation will vary according td1h£^ 
individual patient, the type of therapy, the type of electrodes, and .other 
factors. In general, the pulse form of the electrical stimulafibri'^ 
frequency, pulse width, wave form, and voltage potential) is seleded td 
the resting potential in a sufficient number of neurons at the stimulation site to* 
a level that is less than a threshold potential for a statistical portion ,,.c^v^ew^^^^- 
neurons in the population. The pulse form, for example, 



that the applied voltage of the stimulus achieves a change in the resting' r- ^ *--ilUt$^ 





potential of approximately 10%-95%, and more specifically of 60%-80%^6f , 
the difference between the unstimulated resting potential and the threshold; ...^ 

potentiaL ■. 

[0091] In one specific example of a subthreshold application for treating "a; ^-.^S^i^^l^S^' 

■ patients hand, electrical stimulation is not initially applied to the j 
:?t** " v site. Although physical therapy related to the patient': 

activation of a particular population of neurons that is known to beirivoIved'M:?^ 
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"hand function," only a low level of activation might occur because physical 
therapy only produces a low level of action poteniiaPge^ 
population of neurons. However, when the subthreshold electrical stimulation 
is applied, the resting membrane potentials of the neurons in the stimulated 
population are elevated. These neurons now are much closer to the 
threshold for action potential formation such that when the same type of 
physical therapy is given, this population of cells will have a higher level of 
activation because these cells are more likely to fire action potentials. 

Subthreshold stimulation may produce better results than simply 
stimulating the neurons with sufficient energy levels to exceed the threshold K*'(^cM$i~f£$'- 
for action potential formation. One aspect of subthreshold stimulation is to ■ : x : : - 
increase the probability that action potentials will occur in response to the ^y^-fp^'-'^' 



ordinary causes of activation - such as physical therapy. This will allqw^pS^ 
neurons in this functional network to become entrained together, or learn" to 
become associated with these types of activities. If neurons are giyert^b; 
much electricity that they continually fire action potentials without additional 
excitatory inputs (suprathreshold stimulation), this will create "noise" and '-^/^^yfj^y^^' 
disorganization that will not likely cause improvement in function. In fact, ; w /. . 
neurons that are "overdriven" soon deplete their neurotransmitters an3A^ ] 
effectively become silent. \ " , , _ y. 0SS^SS^If$S^S^ 

The application of a subthreshold stimulation is very different ' thari ' 




suprathreshold stimulation. Subthreshold stimulation in ^acrordance 
several embodiments of the invention, for example, does not ihtertd-fo direlt|^lg|^^^^^| 
make neurons fire action potentials with the electrical -stimulation V- in ^^U^-^^^^fM. 
significant population of neurons at the stimulation; - site.''-. "V'^^^X-M^i^il^fe 
subthreshold stimulation attempts to decrease the •acthrattori :; .;jBfj©^^^^^^^. 4 
required to activate a large portion of the neurons at the stimuiat^iit^^^^^^^^^^^ 
such, subthreshold stimulation in accordance with certain embodiments of thef ' 
invention is expected to increase the 
response to the usual intrinsic triggers 

physical therapy, or simply thinking about movement of a limb, atfc 
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• , ^Moreover, coincident stimulation associated with physical Jier^p^;i^cj^^g^^|^p^^ 

to increase the probability that the action potentials that are occurring with an :' , y^:.4:,-' i -r 
increased probability due to the subthreshold stimulation will be related to 
meaningful triggers, and not just "noise." 
[0094] The stimulus parameters set forth above, such as a frequency 

selection of approximately 50-100 Hz and an amplitude sufficient to achieve ;V r , 

an increase of 60% to 80% of the difference between the resting potential 

and the threshold potential are specifically selected so that they will increase 

the resting membrane potential of the neurons, thereby increasing the : 

likelihood that they will fire action potentials, without directly causing action : 

potentials in most of the neuron population. In addition, and as explained in . --ft)*.' } ;, ~. . 

more detail below with respect to Figures 6-40, several embodiments of ; v ; ^ j >; : 

stimulation apparatus in accordance with the invention are designed to- - . 5 

precisely apply a pulse form that produces subthreshold stimulation by 

• • '- : • 'selectively stimulating regions of the cerebral cortex of ^^ff^^'^f"J^^^^^$^^t^ 

(the estimated size of a "functional unit" of cortex), directly contacting the ^'piai'?^:1'^^^y! • 
surface with the electrodes to consistently create the same alterations in ' • ' 
resting membrane potential, and/or biasing the electrodes against the pial 
surface to provide a positive connection between the electrod^'1ipii#r^^!gi^M|¥y^ : '. 

COrteX. . • : ' • ''/:. " 

■ T'- . • „ B. Devices for Electrically Stimulating Regio ns df.^m^f±^M^U^^Mf^M€ 

[0095] Figures 6-40 illustrate stimulation apparatus in accordance ■.^^'/^'^■f^ : '^ : £, : 

several embodiments of the invention for electrically stimulating regions of 
the brain in accordance with one or more of the methods described above. ;-;7£ |{wJ 7 
The devices illustrated in Figures 6-40 are generally ' used M^^^^^^^^^^^ 
region of the cortex proximate to the pial surface of the brain (e.g., the dura,, 
■: : s: , mater, the pia mater, the fluid between the dura mater and" the .;piajn^te|i^f t^^p^^ 
)ll : a depth in the cortex outside of the white matter of the:brairi)?iThe;.d^K^s^^^^^^^ 
can also be adapted for stimulating other portions of the brain-in ••othen..^ : ^ ; |^^||^^ 
embodiments. .V ^ t ,; ? - 
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Implantable Stimulation Apparatus with Integrated 
Pulse Systems 




[0096] Figure 6 is an isometric view and Figure 7 is a cross-sectional view of 

a stimulation apparatus 600 in accordance with an embodiment of the 
invention for stimulating a region of the cortex proximate to the pial surface. 
In one embodiment, the stimulation apparatus 600 includes a support 
member 610, an integrated pulse-system 630 (shown schematically) carried 
by the support member 610, and first and second electrodes 660 (identified 
individually by reference numbers 660a and 660b). The first and second 
electrodes 660 are electrically coupled to the pulse system 630. The suppbrt\^# ^l^^f^P ^ 
member 610 can be configured to be implanted into the skull or ; another^^p>f 
intracranial region of a patient. In one embodiment, for example, fhe 'sQjpport:^ " 
member 610 includes a housing 612 and an attachment element 614^^ 
connected to the housing 612. The housing 612 can be a molded casir^^s^^^^^e 
formed from a biocompatible material that has an interior cavity for carrying . ; ^ : >f 
the pulse system 630. The housing can alternatively be a biocompatible - 
metal or another suitable material. The housing 612 can have a diameter of 



approximately 1-4 cm, and in many applications the housing 612<can l^5^ 
r 1.5-2.5 cm in diameter. The housing 612 can also have other shapes (ag;; 

; rectilinear, oval, elliptical) and other surface dimensions. The f . sti nju I ^Ud^^|^^^^§^^^^^& 



apparatus 600 tiah weigh 35g or less and/or occupy a volume ^2(^:(^|e^^^p^^^^^ 
The attachment element 614 can be a flexible cover, a rigid plate,' ;C. « : '&%0t$, : &< 
contoured cap, or another suitable element for holding the support member , ^ •; , 
610 relative to the skull or other body part of the patient. In one embodiment,^ vV/-^ 
the attachment element 614 is a mesh, such as a biocompatible . pojl^^^^^^M^Bfc 
mesh, metal mesh, or other suitable woven material. The attac^hrient elem^t V 0z0f?i 



614 can alternatively be a flexible sheet of Mylar, a pplyesteg 




^ : suitable material. '■ ■ " ; ^-V 1 ^.^^;?^^^^^^^ 

10097] Figure 7, more specifically, is a cross-sectional view of the stimulation %y : -'M^^^§^^i 

apparatus 600 after it has been implanted into a patient in accordance with -^v/^^;^^^;^ 
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an embodiment of the invention. In this particular 
stimulation apparatus 600 is implanted into the patient by forming an opening 
in the scalp 702 and cutting a hole 704 through the skull 700 and through the 
dura mater 706. The hole 704 should be sized to receive the housing 612 of 
the support member 610, and in most applications, the hole 704 should be ••••:'"/• 
smaller than the attachment element 614. A practitioner inserts the support 
member 610 into the hole 704 and then secures the attachment element 614 
to the skull 700. The attachment element 614 can be secured to the skull 
using a plurality of fasteners 618 (e.g., screws, spikes, etc.) or an adhesive. 
In an alternative embodiment, a plurality of downwardly depending spikes /can ^:^0(^k 
be formed integrally with the attachment element 614 to define anchors that J; 
can be driven into the skull 700. 

The embodiment of the stimulation apparatus 600 shown in F\g^J-^:;i^^f^^^ 
configured to be implanted into a patient so that the electrodes 660 ^ n ^^^|^|^^g|i 
desired portion of the brain at the stimulation site. The housing 612 and the' '\ Jl \ J V^^'; : .'/' < : 
electrodes 660 can project from the attachment element 614 by a distance' . . [ J:,:^- :: 
•D» such that the electrodes 660 are positioned at least prbxim'afe - ^^ 
mater 708 surrounding the cortex 709. The electrodes 660 c*ri projec} t^^^^^^^^, e 
housing 612 as shown in Figure 7, or the electrodes 660 can be flush with the *w 




^TpiwiW^P 

from the housing 612 by a distance "P" so that the electrodes 660 press;^ • : ;j 
against the surface of the pia mater 708. The thickness of the housing 612 
can be approximately 0.5-4 cm, and is more generally about 1-2 cm. the 
configuration of the stimulation apparatus 600 is not: ' Hrrijted gg^^^^^^^^^^ 
embodiment shown in Figures 6 and 7, but rather the housing 612, the 
attachment element 614, and the electrodes 660 can be 
position the electrodes in several different regions of the brainV . 
in an alternate embodiment, the housing 612 and the electrodes 660 can be : 
configured to position the electrodes deep within the cortex 709,;^d/c^.^.-||.^y^-;^ 
deep brain region 710. In general, the electrodes can be flush with^tt«y 
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housing or extend 0.1mm to 5 cm from the housing. More specific i 
embodiments of pulse system and electrode configurations for the stimulation 
apparatus will be described below. 

[0099] Several embodiments of the stimulation apparatus 600 are- expected to , , ; :- : 

be more effective than existing transcranial electrical stimulation devices and' 
transcranial magnetic stimulation devices. It will be appreciated that much of 
the power required for transcranial therapies is dissipated in the scalp and ; : 

skull before it reaches the brain. In contrast to conventional transcranial 
stimulation devices, the stimulation apparatus 600 is implanted so that the 
electrodes are at least proximate to the pial surface of the brain 708. Se^^p^ : ^^^^;^_ 
embodiments of methods in accordance with the invention^&tf^^ 
stimulation apparatus 600 to apply an electrical therapy directly to the pia: v 
; mater 708, the dura mater 706, and/or another portion of the hMe>t 

significantly lower power levels than existing transcranial therapies; <>F.orT^Wf^ :: .-.^ 
. example, a potential of approximately 1 mV to 10 V can be applied to the - 
electrodes 660; in many instances a potential of 100 mV to 5 V can ;be ,.->\: f'^ - 
applied to the electrodes 660 for selected applications. It will ;also te^ ^ 
appreciated that other potentials can be applied to the ; e8^ 
stimulation apparatus 600 in accordance with other embodiments of; the 

: • invention. j ^ l : 

[00100] Selected embodiments of the stimulation apparatus 600 are also 

capable of applying stimulation to a precise stimulation site. Again, because ' : : 

the stimulation apparatus 600 positions the electrodes 660 at least ; pr6>(imife 
to the pial surface 708, precise levels of stimulation with good^pul^ 
fidelity will be accurately transmitted to the stimulation siteln Wtl^ 
be appreciated that transcranial therapies may not be ^ ■ ^^^^^^^^ 






stimulation to a precise stimulation site because the nlagrt&Jc; ; ^ 
properties of the scalp and skull may vary from one patient to another sufch'^;^ 
that an identical stimulation by the transcranial device may produce a ^ : :^'^Vv^:;^■y^^J 
different level of stimulation at the neurons in each patient. Moreover, the 'sj^f-.-,. 
ability to focus the stimulation to a precise area is hindered by r (del iyliiring^^^^^feSH*^&^^^ 
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stimulation transcranial^ because the scalp, skull and dura all -diffuse -iriel^vl^if^^- 
energy from a transcranial device. Several embodiments of the stimulation « 
apparatus 600 overcome this drawback because the electrodes 660 are 
positioned under the skull 700 such that the pulses generated by the : .| ^/-y. 
stimulation apparatus 600 are not diffused by the scalp 702 and skull 700. 

2. Integrated Pulse Systems for Implantable ■ ■^■■x - . 

Stimulation Apparatus 

[00101] The pulse system 630 shown in Figures 6 and 7 generates and/or 

transmits electrical pulses to the electrodes 660 to create an electrical field at . .. . 

a stimulation site in a region of the brain. The particular, .embqdjra wtep^^^^|j^^^^ 

pulse system 630 shown in Figure 7 is an "integrated" unit in that is carried 

i:. by the support member 610. The pulse system 630, for examp!e,^tf:be^ 

housed within the housing 612 so that the electrodes 660 can be connected ^:;:-0^^m^ 
directly to the pulse system 630 without having leads outside of the : y :: ''.*:'''' ' 

stimulation apparatus 600. The distance between the electrodes 660 and the, • ; • ? - „*:v.^ v :. : :•. .>, 
pulse system 630 can be less than 4 cm, and it is generally 0.10 to -2.0 cm.; ..-••:;>: > ^ .. ; 
. The stimulation apparatus 600 can accordingly provide electWcal^pulse^^^^^^^^^ 
the stimulation site without having to surgically create tunnels mnning^^JgJl^^gy^ 
through the patient to connect the electrodes 660 *° a P ul ^; ;9© n ®^p^l^^^^g^H 
implanted remotely from the stimulation apparatus 600. It will -bfrappredatad^^ 
however, that alternative embodiments of stimulation apparatus' ;ih : "^ ^ ^Sjd-l " 
accordance with the invention can include a pulse system "impla^^ 
separately from the stimulation apparatus 600 in the cranium or mi&tier^.^ y§ii^^>^ 
pulse system. Several particular embodiments of -pulse systems 1 'that '-are 
suitable for use with the stimulation apparatus 600 will now be de$^^fjii^;ij|^i^^^^ 

rr~ ''-more detail. ^^^I/HSB^^PIWI 
[00102] Figures 8 and 9 schematically illustrate an integrated pulse 

800 in accordance with one embodiment of the invention for being implanted -.{[^^S/^; 
in the cranium within the stimulation apparatus 600. Referring to Figure 8, ^ ^v * 
the pulse system 800 can include a power supply 810, .an integ|^3!^^^^^^^fe 
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controller 820, a pulse generator 830, and a pulse transmitter 840. . J^ {j \p^^F^^;::^ 
power supply 810 can be a primary battery, such as a rechargeable battery or 
another suitable device for storing electrical energy. In alternative 
embodiments, the power supply 810 can be an RF transducer or a magnetic 
transducer that receives broadcast energy emitted from an external power 
source and converts the broadcast energy into power for the electrical 
components of the pulse system 800. The integrated controller 820 can be a 
wireless device that responds to command signals sent by an external 
controller 850. The integrated controller 820, for example, can communicate 
with the external controller 850 by RF or magnetic links 860. ^jngf^il^^^^^^ll 
controller 820 provides control signals to the pulse generator 830 in rwpoh^< ; J^iJ|^g^:. L> , 
to the command signals sent by the external controller 850^/;Tlre:^lse^||J^g^^ 
generator 830 can have a plurality of channels that send appropriate^^J^^^^#|Si 
electrical pulses to the pulse transmitter 840, which is coupled to thev v^^f^p-^- 
electrodes 660. Suitable components for the power supply 810, the /-\:'^\<\]t;(:i : . 
integrated controller 820, the pulse generator 830, and the pulse transmitter . . ; _ • 
840 are known to persons skilled in the art of implantable medicaWewc^stl^^^^^^g^W 
Referring to Figure 9, the pulse system 800 can be carried by 'the ' : 
support member 610 of the stimulation apparatus 600' ih^the• ? fnah ; her;•^^|;^^:: : : .-$%--tiy 
described above with reference to Figures 6 and 7. The external clJr#dWf^^^^gJ 
850 can be located externally to the patient 500 so that the external contrbller ; I: ; ?W*f^' 
850 can be used to control the pulse system 800. In one embgdimerit,;;, 0%0^ : ?^>$$^ 

several patients that require a common treatment can be simultaneously; 

. ..- •.„„. / r ^...^,v^^y^^sa^amp^g^» 
treated using a single external controller 850 by posit!briing«th^pati§nt^^^f 

. ; . ■ ". ... 

within the operating proximity of the controller 850. In an . alternat^^^ii^^f 

"embodiment, the external controller 850 can contain- a 'P^W^^^^^^^^^^i 
codes and the integrated controller 820 for a particular' jiaterTt can 

individual operating code. A single controller 850 can thus be used to treat .a; 'jy ]*-:?$j$>i£ 
plurality of different patients by entering the appropriate operating bode hioS^^^<:^^-- 
the controller 850 corresponding to the particular operating codes /^liftfifei^fesk 



: .W0 03/035163 




■■■■■■ 

[00104] Figure 10 is a schematic view illustrating a pulse system ..1000; an^^'.^£'^^.fp'^^^\* 

external controller 1010 for use with the stimulation apparatus 600 in 
accordance with another embodiment of the invention. In this embodiment, ...... • w«.:-.-v.-.- . 

the external controller 1010 includes a power supply 1020, a controller 1022 
coupled to the power supply 1020, and a user interface 1024 coupled to the 
controller 1022. The external controller 1010 can also include a pulse : '■Vf , '. ! - 
generator 1030 coupled to the power supply 1020, a pulse transmitter 1040 
coupled to the pulse generator 1030, and an antenna 1042 coupled to the 
pulse transmitter 1040. The external controller 1010 generates the power 
and the pulse signal, and the antenna 1042 transmits a pulse signal^ O^^^^l^^^p ^ 
the pulse system 1000 in the stimulation apparatus 600. The pulse system 
'.-/>■ ^1000 receives the pulse signal 1044 and delivers an electricaMpuise i fo ithe ^:J!it3#^S^S^? 
electrodes. The pulse system 1000, therefore, does not necessarily include ^ 
an integrated power supply, controller and pulse generator within the housing 
610 because these components are in the external controller 1010; ' "•""•^v-^ 

[00105] Figure 11 is a schematic view illustrating an embodiment of the pulse . - : ; 

system 1000 in greater detail. In this embodiment, the pulse system^ 000ris^^ f ^ ^ - - 
carried by the support member 610 of the stimulation apparatus 6CW : ;v|he% 
pulse system 1000 can include an antenna 1060 and a puls£'< 
1070 coupled to the antenna 1060, The antenna 1060 receives the pulse 
signal 1044 from the external controller 1010 and sends the pulse signal 
1044 to the pulse delivery system 1070, which transforms the pUlse' signal' 
1044 into electrical pulses. Accordingly, the electrodes 660 can be|coupj^gi|j^ 
to the pulse delivery system 1070. The pulse delivery system 1070 v :can;; 




can be driven by the energy in the pulse signal 1044, or in an alternative 
embodiment, the pulse system 1000 can also include an integrated power 
supply to drive the pulse former. , : , — J 

[00106] Figure 12 is a schematic view illustrating an embodimpnt gfi 

system 1200 for use in an embodiment of the stimulation apparatu 
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an external controller 1210 for controlling the pulse system 1200 remotely - ; r;;: '' ''^" v 

from the patient using RF energy. In this embodiment, the external controller. :> • ;yy 

1210 includes a power supply 1220, a controller 1222 coupled to the power 

supply 1220, and a pulse generator 1230 coupled to the controller 1222. The 

external controller 1210 can also include a modulator 1232 coupled to the 

pulse generator 1230 and an RF generator 1234 coupled to the modulator 

1232. In operation, the external controller 1210 broadcasts pulses of RF 

energy via an antenna 1242. 

[00107] The pulse system 1200 can be housed within the stimulation 

apparatus 600 (not shown). In one embodiment, the pulse 8ystBm..-1.2M^ f ^^&|^^^ 

includes an antenna 1260 and a pulse delivery system 1270, 'The 'antenna ^M1$0m$W^y 

1260 incorporates a diode (not shown) that rectifies the broadcast RF energy , V; "^\V-Cx 

from the antenna 1242. The pulse delivery system 1270 can include a filter ." 

1272 and a pulse former 1274 that forms electrical pulses which correspond ■ ^f-^tt i --f;-< 

to the RF energy broadcast from the antenna 1242. The pulse system ^ 12^; .^/ ; ^-;^- ^ 

is accordingly powered by the RF energy in the pulse signal from the external './>'• ■> - -'<:y\.< 

controller 1210 such that the pulse system 1200 does not need a ^S^^0^^^0'^^^: 

':'•'" • : power supply carried by the stimulation apparatus 600. - '. " ■' .:' '''l^ ^/Mi&i^^iSM^ 

[00108] Figure 13 is a cross-sectional view of a pulse system 1300 for use in ,,.c ; '-; ■o^.r. 

another embodiment of the implantable stimulation apparatus 600, together 

with an external controller 1310 for remotely controlling'-' ^'-pals^ r sysitelh' 

1300 externally from the patient using magnetic energy. In this embod^r^^f^i^^^ 

the external controller 1310 includes a power supply 1 320, a controller ;132% ■ 

coupled to the power supply 1320, and a user interface t32^apt^l^>|i^^^^^^^ 
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controller 1322. * The external controller 1310 can also' 'include ; f i^^^^^^^^^l 
generator 1330 coupled to the controller 1332, a pulse transmitter "-1340;%: ^|^||if||^ 
coupled to the pulse generator 1330, and a magnetic coupler 1350 .coupled ^^if^ri 
to the pulse transmitter 1340. The magnetic coupler 1350 can ihdude a : : 
ferrite core 1352 and a coil 1354 wrapped around a portion; of tiie,ier|it||^|^i^^^^p* 
1352. The coil 1354 can also be electrically connected to the pulse ; ; v 
: transmitter 1340 so that electrical pulses applied to theyc 
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changes in a corresponding magnetic field. The magnetic coupterJt35^^^ 
also include a flexible cap 1356 to position the magnetic coupler 1350 over 
the implanted stimulation apparatus 600. ; vv 

[00109] The pulse system 1300 can include a ferrite core 1360 and a coil 1362 j ^ . 

wrapped around a portion of the ferrite core 1360. The pulse system 1310 
can also include a pulse delivery system 1370 including a rectifier and a 
pulse former. In operation, the ferrite core 1 360 and the coil 1 362 convert the 
changes in the magnetic field generated by the magnetic coupler 1350 into 
electrical pulses that are sent to the pulse delivery system 1370. The 
. electrodes 660 are coupled to the pulse delivery system 1370?^ 
electrical pulses corresponding to the electrical pulses generated by the" 
pulse generator 1330 in the external controller 1310 are delivered to the 
stimulation site on the patient. 





3. Electrode Configurations . Z.^&^/zq&t 

[00110] Figures 14-24 illustrate electrodes in accordance With various 

- embodiments of the invention that can be used with the stimulation apparatus 
disclosed herein. Figures 14-22 illustrate embodiments 6r electrodes 
configured to apply an electrical current to a stimulation site at least ^_ 
proximate to the pial surface of the cortex, and Figures 23 - ana'^rillus^i^^^^^^^y^ 
embodiments of electrodes configured to apply an electrical current within tHeVt rf |Y h ;y 
cortex or below the cortex. It will be appreciated that other ixt^s^S^^f^f^^^^--- 
electrodes can also be used with other implantable stimulatiop a^^h^Jigg^^^^^^^ 
[06111] * Figure 14 is a bottom plan view and Figure 15 is '^^M^^f^S^0)t^B^ 
of a stimulation apparatus 1400 in accordance with an embodiment of the,; Vp^^v^/, 
invention. In this embodiment, the stimulation apparatus 1400 includes a first ; ; if , [S'-zr - 
electrode 1410 and a second electrode 1420 concentrically surrouhdihg the-'yf 5 $^$^.^*' ! ' 



first electrode 1410. The first electrode 1410 can be coupled to - ; ^%P^|^^^^^^^^^ 
terminal of a pulse generator 1430, and the second electrode 1420 cari; be^ : " 
coupled to the negative terminal of the pulse generator 1430.^^ 
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Vl .... . Figure 15, the first and second electrodes 1410 and 1420.gerien^ 
electric field 1440. 

[00112] Figure 16 is a bottom plan view and Figure 17 is a cross-sectional view 

of a stimulation apparatus 1600 in accordance with another embodiment of 

the invention. In this embodiment, the stimulation apparatus 1600 includes a 

first electrode 1610, a second electrode 1620 surrounding the first electrode 

1610, and a third electrode 1630 surrounding the second electrode 1620. 

The first electrode 1610 can be coupled to the negative terminals of a first 

pulse generator 1640 and a second pulse generator 1642; the second 

electrode 1620 can be coupled to the positive terminal of the first: pulse^fl^^^^^vf 

generator 1640; and the third electrode 1630 can be coupled to the positive v;- ?: : 

terminal of the second pulse generator 1642. In operation, the first electrode V;^-!;.- #H 

- ■ ..• «... ':y: v -&g&)$^tf 
1610 and the third electrode 1630 generate a first toroidal electric field 1650, ' • '.■ 



m 




and the first electrode the 1610 and the second electrode 
second toroidal electric field 1660. The second toroidal electric field; 1660 
can be manipulated to vary the depth that the first toroidal electric 

: 'f' A ' projects away from the base of the stimulation apparatus 1600: ^f^i^^^^^^f 

toon3] Figure 1 8 is a bottom plan view and Figure 1 9 is a cross-sectional view 

of a stimulation apparatus 1800 in accordance with yet another f^po^^^^-^^^i^^.,, 
of the invention. In this embodiment, the stimulation apparatus 1800 includes ; • 
a first electrode 1810 and a second electrode 1820 spaced- apart" ff^n^i^^^l^^^^^ 
first electrode 1810. The first and second electrodes 1810 'arid ' ^B2(y)^%'00j^^.y: 

>>. linear electrodes which are coupled to opposite terminlte 

generator 1830. Referring to Figure 19, the first and second electrddes 
and 1820 can generate an approximately linear electric field. 

[00114] Figure 20 is a bottom plan view of a stimulation apparatu$ v ^^ 

accordance with still another embodiment of the invention^ ; Mri^ 

: embodiment, the stimulation apparatus 2000 includes a first eledi^ 

a second electrode 2020, a third electrode 2030, and a fourth electroa^ 20^2^ ' ^ ^i > ^ ; ; i ; 

f|v ; The first and second electrodes 2010 and 2020 are coupled to a first} 

generator 2050, and the third and fourth electrodes 2030 and 2040 are 



-36- _ . r ... - -x : ^/jV ^-v*^.. ' 





WO 03/035163 . PCT/US02/31127- ,/ : ^ v ^ ■ r * . 

^ ■ : coupled to a second pulse generator 2060. More specificaNyi^fej^v^^^^^^ 
electrode 2010 is coupled to the positive terminal and the second electrflde r! " ]';*" -^^"r " 
2020 is coupled to the negative terminal of the first pulse generator 2050, and ; 
the third electrode 2030 is coupled to the positive terminal and the fourth 
electrode 2040 is coupled to the negative terminal of the second pulse 
generator 2060. The first and second electrodes 2010 and 2020 are 
expected to generate a first electric field 2070, and the third and fourth .... 
electrodes 2030 and 2040 are expected to generate a second electric field 
2072. It will be appreciated that the ions will be relatively free to move 
through the brain such that a number of ions will cross between the first ,: i«rK^^^f^^^^fe 
second electric fields 2070 and 2072 as shown by arrows 2074. Jhis/ '-^r y : :y: y : .^ 
embodiment provides control of electric field gradients at the stimulation y^,y;: .... 
sites. : >,.-,'-. 

[00115] Figure 21 is a bottom plan view of another embodiment; pf^^^^P?^^^^^* 

stimulation apparatus 2000. In this embodiment, the first electrode^ 201 0 Is . \i 1 
coupled to the positive terminal and the second electrode 202b1s l cc^e1^ 
the negative terminal of the first pulse generator 2050: In'-'cohlr^^^"^^^^^?? 
embodiment shown in Figure 20, the third electrode 2030 is coupled to the ryy^-' 
negative terminal and the fourth electrode 2040 is coupled to ^the^ppsitvl^^ll^p^^ 
terminal of the second pulse generator 2070. It is expetied that ■tftsVv^;^^ 




electrode arrangement will result 
electrodes. This allows control of the 
■ field. n " 

tooii6] Figure 22 is a bottom plan view that schematically illustrated -a 

stimulation apparatus 2200 in accordance with still another embodiment of 
the invention. In this embodiment, the stimulation apparatus 2200 '-^^^^if^^if^/^ 
first electrode 2210, a second electrode 2220, a third electrode 2230, and,^;;^ ;;ggSi&il^ 
fourth electrode 2240. The electrodes are coupled to a pulse generator 2242 "^;:isf' 




second electrode 2220, a third switch 2256 coupled to the third electroa"e';^^JQ^|^ 



2230, and a fourth switch 2258 coupled to the fourth electrode ^ 224ai^|^|ag^^|| 
operation, the switches 2252-2258 can be opened and closed to establish : " 
various electric fields between the electrodes 2210-2240. For example, the 
first switch 2252 and the fourth switch 2258 can be closed in coordination 
with a pulse from the pulse generator 2242 to generate a first electric field 
2260, and/or the second switch 2254 and the third switch 2256 can be closed 
in coordination with another pulse from the pulse generator 2242 to generate 
a second electric field 2270. The first and second electric fields 2260 and 
2270 can be generated at the same pulse to produce concurrent fields or 
alternating pulses to produce alternating or rotating fields. f | ; ^;|S-» 

Figure 23 is a bottom plan view and Figure 24 is a side elevational * J. . 
view of a stimulation apparatus 2300 in accordance with another embodiment ' ' J ^^^0^ : 
of the invention. In this embodiment, the stimulation apparatus 2300 has;^. [-S^^Mk^U 
first electrode 2310, a second electrode 2320, a third electrode 2330, .ahd';a'^^^^|ff 'T. •. 
fourth electrode 2340. The electrodes 2310-2340 can be configured, in ^jjSS^KSl^PI 
the arrangements set forth above with reference to Figures ' iA^'-^fl^^^^^^^i^'i 
electrodes 2310-2340 also include electrically conductive pins 2350 and/or ; l.£1fe>;.£--:. 
2360. The pins 2350 and 2360 can be configured to extend below the pial : $1 
surface of the cortex. For example, because the length of the pin 2350 is 
less than the thickness of the cortex 709, the tip of the p;lh..;?^^l-:^|^^^^^ 
accordingly conduct the electrical pulses to a stimulation site within the cortex, - ^ , \ ,• ■ 
709 below the pial surface. The length of the pin 2360 "is greifer 
thickness of the cortex 709 to conduct the electrical pulses to a pbttibifbrlhi^^ 
brain below the cortex 709, such as a deep brain region 710. The lengths of" V? ; : i?-&r?]p£\- 
the pins are selected to conduct the electrical pulses to stlmulafiprV.s^^.^^^^^lg^, 
below the pia mater 708. As such, the length of the pins 2350 and 2360 cah ; ^ 
be the same for each electrode or different for • irM^^ei^i^^^^^^^^^ 



portion of the pins 2350 and 2360 can be covered with a dielectric material so t^ ?; 
that only exposed conductive material is at the tips of the pins. It will also be - 



WO 03/035163 PCT/US02/31127. :.• vV^^-l-^ 

^^appreciated that -the configurations of electrodes set forth ^i^^^^^^^^^^^^, 
can be adapted to apply an electrical current to stimulation sites below the " . 
pia mater by providing pin-like electrodes in a matter similar to the electrodes 
shown in Figures 23 and 24. 

[00118] Several embodiments of the stimulation apparatus described above 

with reference to Figures 6-24 are expected to be more effective than existing -A v 

transcranial or subcranial stimulation devices. In addition to positioning the 

electrodes under the skull, many embodiments of the stimulation apparatus 

described above also accurately focus the electrical energy in desired 

patterns relative to the pia mater 708, the dura mater 706, and/or the cortex \ : ; ' 

709. It will be appreciated that transcranial devices may not accurately -focus 

the energy because the electrodes or other types of energy emitters; are ; , : ^y ^s^y^^i ' - : 

positioned relatively far from the stimulation sites and the skull diffuses some '■f-^"j:'% : .^rS^ \ 

of the energy. Also, existing subcranial devices generally merely piac^Vtl^ ; ^f4^fe^^M 

electrodes proximate to a specific nerve, but they do not provide.- electrode >sjj:?y- : £ 4x.:c\ f 

. • ...... ;-vs^&^fi''-f%- ' 

configurations that generate an electrical field in a pattern designed for the . f ; v. 

stimulation site. Several of the embodiments of the stimulation apparatus.. 'v^N (;^|}& ; 

described above with reference to Figures 6-24 overcome this dikkti^'! 1 ^^^^^^ 

because the electrodes can be placed against the neurons ai the'tie^ 

stimulation site. Additionally, the electrode configurations 

apparatus can be configured to provide a desired electric 

diffused by the skull 700. Therefore, 

apparatus in accordance with the invention are expected to be more effective 
because they can accurately focus the energy at the stimulation site. ;'. ■ •. V-;^ : i* i 

4. Implantable Stimulation Apparatus with Biasing . .^^^^XS^^^v 

Elements ■ .... ■ : i^&l^^f^^^* 

[00119], Figures 25-30 illustrate several embodiments of stim^oi^alip^^^^^^^ 

' having a biasing element in accordance with a different asped,^c^ the; 
invention. The stimulation apparatus shown in Figures 25-30 can be similar: 
to those described above with reference to Figures 6-24; Therefore, the. 






embodiments of the stimulation apparatus shown in Figures' 25<-30 canPhs^i^^^^M^^; 
the same pulse systems, support members and electrode configurations 
described above with reference to Figures 6-24. 

Figure 25 is an isometric view and Figure 26 is a cross-sectional view 
of a stimulation apparatus 2500 in accordance with an embodiment of the 
invention. In one embodiment, the stimulation apparatus 2500 includes a 
support member 2510, a pulse-system 2530 carried by the support member 
2510, and first and second electrodes 2560 coupled to the pulse system 
2530. The support member 2510 can be identical or similar to the support 
member 610 described above with reference to Figures 6 and 7. The support ^ : ^ #S 

member 2510 can accordingly include a housing 2512 configured to be ;^ :-->j^?; '^f 5 ; 
implanted in the skull 700 and an attachment element 2514 OThfigui^^^^J 
connected to the skull 700 by fasteners 2518 (Figure 2), an adhesive, ari^or^C ^ 
an anchor. The pulse system 2530 can be identical or sjmilar^ta 
pulse systems described above with reference to Figures 6 
and second electrodes 2560 can have any of the electrode configurations ^ 
explained above with reference to Figures 14-24. Unlike the stimulation .^;^;'^^[ f ^ 
apparatus described above, however, the stimulation apparatus 250Q.; ^.r.V-'^^:^V v :.. 
includes a biasing element 2550 coupled to the electrodek';2560^ 
mechanically bias the electrodes 2560 away from the support member 25101 
In an alternative embodiment, the biasing element 2550 ran' 
between the housing 2512 and the attachment element 251 '4 
electrodes 2560 can be attached directly to the housing 2512. As explained v 
in more detail below, the biasing element 2550 can be * a cpn^re^lb^;^^^^^^.^ 
member, a fluid filled bladder, a spring, or any other suitable ' ;^^^^^^r^^^^^^ 



member 251 0. 

~ Figure 26 illustrates an embodiment ot me siimuiaiiori iaHHa«.aiu». ¥ oyw,.^^^sa^^^f 
after it has been implanted into the skull 700 of a patient: When ^©^^^^v -":: 
fasteners 2518 are attached to the skull 700, the biasing element 2550 , : - '^4;^ 
should be compressed slightly so that the electrodes : 2560 '•■■obnte^-^^^^p. ; N»j#j* 
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stimulation site. In the embodiment shown in Figure 26, the^c»mp^ssed^|g^^^| 
biasing element 2550 gently presses the electrodes 2560 against the surface 
of the pia mater 708. It is expected that the biasing element 2550 will provide 
a uniform, consistent contact between the electrodes 2560 and the pial . 
surface of the cortex 709. The stimulation apparatus 2500 is expected to be 
particularly useful when the implantable device is attached to the skull and 
the stimulation site is on the pia mater 708 or the dura mater 706. It can be ^; 
difficult to position the contacts against the pia mater 708 because the { 
distance between the skull 700, the dura mater 706, and the pia mater 708 

varies within the cranium as the brain moves relative to the skull, ^;. a |^]^,^;^^^^3^;?,- ! , 
the depth varies from one patient to another. The stimulation apparatus. 2500-- ; . >;* ^ , 
with the biasing element 2550 compensates for the • cfiffeM^^^i^^^lfp^^^^ 
between the skull 700 and the pia mater 708 so that a single type of devic^ 
.. ? :can inherently fit several different patients. Moreover- ih^ 

apparatus 2500 with the biasing element 2550 adapts to changes as the 
brain moves within the skull. In contrast to the stimulation apparatus 2500 '\ 
with the biasing element 2550, an implantable device that does nbi/haye;'J^^^^^lfe^* 
biasing element 2550 may not fit a particular patient or may noV consistently^ " 
provide electrical contact to the pia mater. 

[00122] Figures 27 and 28 are cross-sectional views 

f v . in which the biasing elements are compressible membersrTigtjre- 1 

specifically, illustrates a stimulation apparatus 2700 having a biasing element 
2750 in accordance with an embodiment of the invention. The stimulation \'/:^X''UiMk : :-- 
apparatus 2700 can have an integrated pulse system 2530 ahd electrcyei^ 





compressible foam, such as a biocompatible closed cell f 
foam. As best shown in Figure 27, the biasing elemeft'"'Aiw^ 
when the stimulation apparatus 2700 is attached to the skull. Figure 28; ; ; \f;^:5;>^ 
illustrates a stimulation apparatus 2800 having a biasing element 2850 in 
accordance with another embodiment of the 
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[00123] 



[00124] 



[00125] 
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2850 can be a compressible solid, such as silicon rubber or other suitable . wpV-Up- 
compressible materials. The electrodes 2560 are attached to the biasing 
element 2850. 

Figure 29 is a cross-sectional view of a stimulation apparatus 2900 
having a biasing element 2950 in accordance with another embodiment of the 
invention. The stimulation apparatus 2900 can have a support member 2910 : * 

including an internal passageway 2912 and a diaphragm 2914. The biasing 
element 2950 can include a flexible bladder 2952 attached to the support 
member 2910, and the electrodes 2560 can be attached to the flexible 
bladder 2952. In operation, the flexible bladder 2952 is filled with a'f|uid;--^; v^j.^.;^; ; 
2954 until the electrodes 2560 press against the stimulation site, (Jo ioj^^p^^^^^ 
embodiment, the flexible bladder 2952 is filled by inserting a needle -of "d\ 
syringe 2956 through the diaphragm 2914 and injecting the'fl6i#^^.fi^S|il^^^^» 

. no-, o l m~M*~ M~MM~ ' : " • ~ •" V • , Vn +**MI2dM&mmm& 



internal passageway 2912 and the flexible bladder. 

Figure 30 is a cross-sectional view of a stimulation apparatus 3000 
having a biasing element 3050 in accordance with another embodiment of the 
invention. In this embodiment, the biasing element 3050 is a spring and the/. 



^.A.-:.;tJ--->k«: ! ^:- 



electrodes 2560 are attached to the spring. The biasing elel^frt^u^lrt^p^^^^i^* 




Although several embodiments of the stimulation apparatus 1 -shMln ffe:^^S^'"> 
Figures 25-30 can have a biasing element and any of the pulse systems set " T : "^V;y : 
forth above with respect to Figures 6-13, it is not necessary to 'have, . a pulse, :^0?0^:f% :; .-^ 
system contained within the support member. Therefore;) 8er^^^x£'^^^::-:- 
embodiments of implantable stimulation apparatus 'in ^'diSSSS^M^^ff^^^f^ 
invention can have a pulse system and/or a biasing member^ 
combination of the embodiments set forth above with respect v tbWigur^i6^:^^^^^^S 



5. Implantable Stimulation Apparatus with External if 
Pulse Systems 

Figures 31-35 are schematic cross-sectional views of various . , 
embodiments of implantable stimulation apparatus having external pulse 
systems. Figure 31, more specifically, illustrates an embodiment of. ..a. \-./ ; ... ->.^;;- 
stimulation apparatus 3100 having a biasing element 3150 to which a r . 
plurality of electrodes 3160 are attached in a manner similar to the 
stimulation apparatus described above with reference to Figures 25-30. It will 
be appreciated that the stimulation apparatus 3100 may not include the ^ .^,,, v ..v; , 
biasing element 3160. The stimulation apparatus 3100 can aJ8j?."in<||udj^^^^^^^^^| 
external receptacle 3120 having an electrical socket 3122 and an implanted 
lead line 3124 coupling the electrodes 3160 to contacts; 
socket 3122. The lead line 3124 can be implanted in a subcutaneous tUnfiel ^1 * 
or other passageway in a manner known to a person skilled and art. 

The stimulation apparatus 3100, however, does not have an internal 
pulse system carried by the portion of the device that is implanted in the skull 
700 of the patient 500. The stimulation apparatus 3100 rec^s ;ejeii|pj|i^^^^^^l 




pulses from an external pulse system 3130. The external pul8e;8yst^;3|3^|^ r ^^^^ 
can Have an electrical connector 3132 with a ' plurality ^^fJe^l^f^^te^^ 



configured to engage the contacts within the reoeptacle---3120: v: Trie '^^it^^^^^ 
pulse system 31 30 can also have a power supply, controller, pulse generator; V f ; - J ^ s^ ' 
and pulse transmitter to generate the electrical pulses. In • operation, . •. tfie^^^^^^^, 
external pulse system 3130 sends electrical pulses to the : stimu!atiofe^ 
apparatus 3100 via the connector 3132, the receptacle -31 '20,^rffi&5^^^^ 5 fpW i ' 



line 3124. 

Figures 32' and 33 illustrate an embodiment of a"sHimulat^-:a0p^i^»»?^^^^^ 
3200 for use with an external pulse system in accordance with another /// :'°-^>v ■ 
embodiment of the invention. Referring to Figure 33, the stimulation ."V. 
apparatus 3200 can include a support structure 3210 having a socket 32li;?a-^^^|^^ ; ?^^ 
plurality of contacts 3214 arranged in the socket 321 2, and a di^hragfnj3^^^^|^^^^||; 



covering the socket 3212. The stimulation apparatus 3200 can also include a ; /: ^ 
biasing element 3250 and a plurality of electrodes 3260 attached to the 
biasing element 3250. Each electrode 3260 is directly coupled to one of the . 
contacts 321 4 within the support structure 321 0. It will be appreciated that an 
alternative embodiment of the stimulation apparatus 3200 does not Include 
the biasing element 3250. 

Referring to Figures 32 and 33 together, the stimulation apparatus 
3200 receives the electrical pulses from an external pulse system 3230 that 
has a power supply, controller, pulse generator, and pulse transmitter. The 
external pulse system 3230 can also include a plug 3232 having ^.rie^^^^^^^^^. 
3233 (Figure 33) and a plurality of contacts 3234 (Figure 33) arranged on the ^ j; /; . , 

♦••needle- 3233 to : contact the internal contacts 3214 in the ; sb^-3|a<2^if^^^^^^^ 
operation, the needle 3233 is inserted into the socket 3212 to engage Ihe '^^^^^0\ 
contacts 3234 with the contacts 3214, and then the pulse system 3230 is r - -J^^H^,^ 
activated to transmit electrical pulses to the electrodes 3260. ' . '.■ > .;; -Sw- • v 

Figures 34 and 35 illustrate additional embodiments of stimulation ? t Sj- 
apparatus for use with external pulse systems. Figure- -34^liusti|itil^ia^^^^^^p^ 
embodiment of a stimulation apparatus 3400 having electrodes 341 O^coup!^^ V :?£§-£%V&^ 
to a lead line 3420 that extends under the scalp 702 bttfte piiili ? i6lf^^|^^^|^^ 
lead line 3420 is coupled to an external pulse system 3450. Figure • 35 -t^^^C -;~ ■ 
illustrates an embodiment of a stimulation apparatus 3500 having a support : '\ : 

member 3510, electrodes 3512 coupled to the support member 3510, and an : ; 
external receptacle 3520 mounted on the scalp 702. The external receptacle^ *• ^-'^Y ';• . 
3520 can also be connected to the support member' ; 3&W v ?F^e^^^^^^^^ 
.receptacle 3520 can have a socket 3522 with contact9.^pi^fe^i^^^|^^^|l 
^electrically coupiecito the electrodes 3512. ' The stimUlatio^p^ri^^^^^^^^Hp 
can be used with the external pulse system 3130 described aBovfr'with ;||^f^f§|i? ;1 i 
reference to Figure 31 by inserting the plug 3132 into the socket 3522 until ' t;i\S;-. 
the contacts 3134 on the plug 3132 engage the contacts within the socket "^ff^^f^^ 



6. Alternate Embodiments of Implantable Stimulation 
Apparatus 



[00131] Figure 36 is a schematic cross-sectional view of an implantable 

stimulation apparatus 3600 in accordance with another embodiment of the 
invention. In one embodiment, the stimulation apparatus 3600 has a support 
structure 3610 and a plurality of electrodes 3620 coupled to the support 
structure 3610. The support structure 3610 can be configured to be 
implanted under the skull 700 between an interior surface 701 of the skull 
700 and the pial surface of the brain. The support structure 3610 can be a . 
flexible or compressible body such that the electrodes 3620 contact the pia: 0"-*- ? ^5^2T- .'" 
. ... :v mater 708 when the stimulation apparatus 3600 is implanted^^e^-^^jtf il^^^^^^^^g 
700. In other embodiments, the support structure 3610 can'pdsiti^^ 
electrodes 3620 so that they are proximate to, but not touching, the pia mater ■ 1 > \ ^ ^ 

708. - c ■;:-m--r 

[00132] In one embodiment, the stimulation apparatus 3600 can receive 

electrical pulses from an external controller 3630. For example^the ;^ef|jalic^^5^^^^? 
^ controller 3630 can be electrically coupled to the stimulation apparatus 3600 ^. 
by a lead line 3632 that passes through a hole 71 1 in tl#!i|ij!iiBi^^ 



alternative embodiment, the stimulation apparatus 3600 can^ihclu^ffn^^^^^^^^^^ 
integrated pulse system similar to the pulse systems described above with ' ^--l^%( : < 
reference to Figures 6-13. Such an embodiment of the stimulation apparati^^ 
3600 can accordingly use a wireless external control unit. It -will- 
appreciated that the electrodes 3620 of the stimulatiofrapi^ 
have several of the electrode configurations described above with referer^|| 
;^ ; - to Figures 14-24. 

[00133] Figures 37 and 38 illustrate one embodiment of the ^ ii^lahtableT ; 

stimulation apparatus 3600. Referring to Figure 37, the support structure '\ '^X^' 
3610 can be a flexible substrate and the electrodes 3620 can be conductive ,v^!ffe^r^^W: ^ 
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* ; flexible printed circuit assemblies that are used in electrical components; Thef f fmf^$gi; ffi? 
stimulation apparatus 3600 can be implanted under the skull 700 using an 
insertion tool 3700. In one embodiment, the insertion tool 3700 has a handle 
3702 and a shaft 3704 projecting from the handle 3702. The shaft 3704 can :,- r - : ^y: : -\.'-r-/:^ 
have a slot 3706 configured to receive a flat portion of the support member » 
3610. Referring to Figure 38, the support member 3610 is wrapped around 
the shaft 3704, and then the stimulation apparatus 3600 is passed to a tube 
3720 positioned in the hole 711 through the scalp 700 and the dura mater 
706. After the stimulation apparatus 3600 has been passed through the tube 
3720, it is unfurled to place the electrodes 3620 at least proximate to the pia • ^ 

;e mater 708. The electrodes 3620 can be coupled to an externai|^nrti^j||i| 
the lead lines 3632. 

[00134] Figure 39 illustrates another embodiment of an implantable stimulation : 4 -^fl^' 

apparatus 3900 that is also configured to be positioned between the skull 700 J; . . JJ^^ 
and the pia mater 708. In one embodiment, the stimulation apparatus 3900 , ' ; : ; y s ^ 
can include a support member 3910 and a plurality of ^ectrod^^S^^^^E^^p?^ 
coupled to the support member 3910. The electrodes 3920 cah be ^kipj^|^ 
'.>&■ r to individual lead: lines 3922 to connect the electrodes 1920^ 

pulse system. In an alternative embodiment, an integra^ed''pilli^ ;: ^pim-- : 
3930 can be carried by the support member 3910 so that the electrodes 3920 
can be coupled directly to the integrated pulse system 3930 without e4erh#U^^ 
lead lines 3922. The support member 391 0 can be a resiliently aimpressibjey^^ 
: member, an inflatable balloon-like device, or a substantially i? solid 

incompressible body. In the particular embodiment showh :in':JFJ9UJ^?§S8^^^^Ss^^i^^^ife 
support member' 3910 is an inflatable balloon-like' device 5 -AkE^sx^x^^i^^s^si^Skaiisi 
electrodes 3920. In operation, the stimulation apparatus 3900 is implanted 
by passing the distal end of the support member 3910 through the hole 711 in 
the skull 700 until the electrodes 3920 are positioned at a deSir^^malati^^^^^^^** 
site. 




{00135] 



Figures 4QA and 40B illustrate another embodiment of aM 
a ...... stimulation apparatus 4000 that is also configured to be^poj|tiopea;|e^ejg^^^^^^ 
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[00136] 



the skull 700 and the pia mater 708 (shown in Figure 39) or dura "wter- ;: ^^$^^^^^fer/ 
this embodiment, the implantable stimulation apparatus 4000 includes a v 
support member or implantable medium 4010 and an electrode array having 
a plurality of electrodes 4020 that are carried by the support member 4010.' 
The electrodes 4020 can be coupled to individual lead lines 4022 that are 
connected to an external pulse system. The support member 4010 can be a 
flexible body that is configurable between a first shape for insertion through a ; . 

hole in the patient and a second shape that is larger than the first shape to 
cover a surface area on the cortex or another portion of the patient. For 
example, the support member 4010 can be inserted through ^ ^e^i^^^^&i 
(Figure 39) when it is in the first shape. 

The embodiment of the support member 4010 shown in Figures 40A 
and 40B is an inflatable bladder or balloon that can be filled with a fluid, such 
as a saline solution or another biocompatible fluid. Figure 40A shows the 
support member 4010 in a first shape or configuration for insertion tWroijii^ 
hole in the patient. The first shape typically has a maximum dimension of : ^ ^ : • " 
approximately 1-5 mm so that the stimulation apparatus 4P0p:can£e .^|^l|^^^|^^ 
through a small hole in the patient. Figure 40B illustrates^ ^uj5p;ort; 
structure 4010 in a second shape that is larger than the first shape to cover' r; 
an adequate area on the surface of the cortex. The expanded or deployed ■ v ^ 
shape can be approximately 1.0-10.0 cm . In a particular embodiment shown ^ ^ ; : ; 
in Figure 40B, the support member 4010 expands into the. secorki :f i§a^^^^g^^^^^ 
that it is relatively flat. As a result, the support member 4010 is a' flexible 
body that can be configured from a first shape for insert^r||i^Qp^^^| 
hole in the patient to a second shape that is larger than the first 'Sii^lil^t^^ip^- 
the electrodes 4020 can contact a relatively large surface area on the cortex ;; y ^'^tiy^ ! |;:" : y 
or dura relative to the size of the insertion hole. ^•'.v.^^'Sfe'^few 
[00137] The stimulation apparatus 4000 is expected to provide 

stimulation to a large surface area of the cortex, spine;.^r'btfe(b8^fp^^^^g^^^ 
'7 without having to form a large hole in the patient. In the easel •RSM[^^ ( ^'^^^^ 
; i : ": electrical stimulation to the cortex, the stimulation ^'faoi^is^ot^^fe^^^^^^^^ 
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inserted through a hole in the patient's skull having a • dlame^M^^^^^^: 
approximately 1-5 mm, and then it can be inflated to cover an area of 
approximately 1-10 cm 2 on the cortex of the patient. Using such a small •: ;r 

insertion hole is beneficial because the small craniectomy is much less 
traumatic to the patient compared to a larger craniectomy of approximately 2- 
5 cm in diameter. As a result, it is expected that the lesser invasive 
stimulation apparatus 4000 will be more beneficial for cortical, spinal or other 
types of electrical stimulation. 
[00138] Figures 41 A and 41 B illustrate another embodiment of an implantable 



[00139] 




stimulation apparatus 4100 that is configured to be positioned|betwee^ 
skull 700 and the pia mater 708 (Figure 39) or dura materr ; In ^thi& lp|^^|^|i 
embodiment, the stimulation apparatus 4100 includes a support member ;, r ^t^X.-lff^ 
4110 and an electrode array having a plurality of electrodes 4120 carried by 
the support member 41 1 0. The support member 41 1 0 can be a compressible 
foam that maintains a compressed configuration or a first shape ^r^si|rii^S^^^^^^^p^ 
through a hole in the patient when it is dry, and then expands to a second 
sshape'when it becomes wet. The support member 41 10 
into the patient through a small hole when it is in ^-<sm[it96^^^^^m^\ 
configuration, and then saline can be injected into the support member 41 10 
to expand it into a expanded configuration. In operation, both the stimulajloji^^u^^,.^ 
device 4000 shown in Figures 40A and 40B and the stimulation apparatus: /vi. %:?-■: °J : .-. ■. • 
4100 shown in Figures 41 A and 41 B also press the electrode». : a^in8i(^|^^^^f^^ 
mater 708 (Figure 39) or dura because they can be expanded to the extehtj 
that they press'' against the inner surface 
downforce against the pia mater 708 or dura. 

Figures 42A and 42B illustrate yet another embodiment of ah 1 ' ^ 
implantable stimulation apparatus 4200 in accordance - with - anoth^?^^^^sjl^(»« 
embodiment of the invention. The stimulation apparatus 4200 can ;'j^!||^^^5^^^^^p 
support member 4210 and an electrode array having a'piuralitySf^lSc^^ 
4220 carried by the support member 4210. The support. membex4^y^^iS 
be a flexible bdcjy^such as a sheath or other type of cbveringfthat^ aflga|e(| 
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. tq an. introducer 4230, such as a catheter. The stimulation apparatus^ 
further includes a mechanical actuator 4240 that includes a plurality of fingers 
4242 that can move between a first or insertion position (shown in Figure ' ; : 
42A) and a second or deployed position (shown in Figure 42B). The 
mechanical actuator 4240 can further include a driver 4244 having a cavity 
4246 and distal openings 4248. The fingers 4242 can be coupled to a 
support 4250 that extends through the cavity 4246 of the driver 4244. For 
example, the fingers 4242 can be coupled to the support 4250 by a joint 
4252, suchasaweld, pin, or other type of joint that allows the outer fingers to 
pivot with respect to the support 4250. The fingers 4242 p^^.rafu||ig|^^^^^^^| 



distal openings 4248 in the driver so that axial movement of the driver (shown v^ :;;f^^yg^ 
by arrow A) causes the outer fingers 4242 to rotate either away from or • 
toward the central finger 4242. y '"^'^-n'^' v y^" '' 

[00140] The stimulation apparatus 4100 operates by inserting the i ntro^uc»r ^; .^ii; ^ ^ 
4230 through a small hole in the patient when the fingers 4242 are collapsed r " • * "y V 
together in a first configuration (e.g., the insertion configuration ,^Q^ 
Figure 42A). ' After appropriately positioning the '''diSfej^^iBbft^p^^^^M^^^ 
stimulation apparatus 4200 in the patient, the driver 4244 is moved toward ; " 
the proximal end so that the edge of the side distal openings 4248 spreads ; : ;/f^- / 
the outer fingers 4242 outwardly away from the central finger 4242. The 
fingers 4242 accordingly expand the support member 421 Q^so;^ 
electrodes 4220 can cover a larger surface area of the" patient/ THe^-^ 
electrodes 4220 are typically coupled to a plurality bMeads*^ 
can extend through the introducer 4230. 
100141] Figures 43A and 43B illustrate yet another 

implantable stimulation apparatus 4300 that can be configured to be ( . ^r : ^^.^/-'i*>,. 
positioned between the skull 700 and the pia mater 708 or dura mater;; 
k; through a small insertion hole 711 (Figure 39). The stimujgt^ 

4300 can include a support member 4310, an electrode array having^ /->XX:X... 



plurality of electrodes 4320 carried by the support mem&¥r| 
mechanical actuator 4340 extending through the support member431 0; : THe;< : ^ v 
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support member 431 0 can be a sheath or a solid, flexible body that surrbuhds 
the mechanical actuator 4340, and the electrodes 4320 can be carried on the . 
surface of the support member 4310. The mechanical actuator 4340 in this . : ^ i 
embodiment is a shape memory element that automatically conforms into a 
predetermined shape (e.g., the memory shape) at a certain temperature. For 
example, the mechanical actuator 4340 can be a nitinol filament that 
automatically moves into the predetermined memory shape at approximately 
the body temperature of humans. The shape memory filament can be a 
spring with a stiff wire that is coiled in one configuration and at least partially 
uncoiled in another configuration. * 1 v : ^ ; 

[00142] Figure 43A shows the stimulation apparatus 4300 in the insertion or -:^'0\;'-- : 

first configuration in which the mechanical actuator 4340 is a nitinol element . - ^ 
that has been bent from a spiral memory shape into a straight line. Thi$ ^ 
configuration accordingly allows the stimulation apparatus* 4300? 
inserted through a small insertion hole in the patient. Figure 43B illustrates 
the stimulation apparatus 4300 
in which the mechanical actuator 4340 
shape in the form of a spiral. In operation, therefore, the stimulation I ^ r 
apparatus 4300 can be inserted through a small insertion hole in the insertion 
configuration (Figure 43A), and then the heat of the patient causes th^^;v^r^;^v^^; , 

; mechanical actuator 4340 to return to its spiral configuratibn;^h^ 

member 4340 accordingly flexes with the mechanical actuator 4340 aft^ it>J 
-has been 
cover 

patient for electrical stimulation. 
[00143] Figures 44A and 44B illustrate an implantable stimulation apparatu^-^ 

4400 that can be rolled up in an insertion configuration and unfurled Inra^^ 
■l: deployed configuration. Referring to Figure 44A, th£1riM^ 
4400 includes a flexible support member 4410 and an electrtMde'a 





a plurality of' el^trodes 4420 carried by the suppbrt^^lm^^l^p| 
support member 4410 can be a flexible sheet coupled to the distal end of 




ml- 
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- insertion member 4430. The electrodes 4420 can be coupled to eledricalw 
leads 4432 that extend through the insertion member 4430. Figure 44A ■ 
shows the stimulation apparatus 4400 in an insertion configuration in which 
the support member 4410 is rolled about the insertion member 4430, and 
Figure 44B illustrates the stimulation apparatus 4400 in a deployed 
configuration in which the support member 4410 has been unfurled to cover a 
larger surface area of the cortex, spinal column, or other body part of the 
patient. The operation and advantages of the stimulation apparatus 4400 are 
expected to be similar to the insertion apparatus 3600 described above with '.l 
reference to Figures 37 and 38. 
[00144] Figure 45 is a schematic illustration of a stimulation apparatus 4500 

together with an internal pulse system 4530 in accordance with another^ ^ 
embodiment of the invention. The stimulation apparatus 4500 can joclud^a*^ 
support member 4510, a biasing element 4515 carried by the support , : v . V :: 0 ; -f;^^ 
member 4510, and a plurality of electrodes 4520 carried by ;the;$i^ii^ 
element 4515/ The internal pulse system 4530 can be similar ta^ny 
integrated pulse systems described above with reference to Figures 6-1 3, but IKu 
the internal pulse system 4530 is not an integrated pulse system because it is i ; v 
not carried by the housing 4510. The internal pulse system 4530 can be ^/ ^ y -> ^, :; 
coupled to the electrodes 4520 by a cable 4534. In a typical appli^ 
cable 4534 is implanted subcutaneously in a tunnel from a subdavicMlar^ 
: region, along the back of the neck, and around the skullt 
apparatus 4500 can also include any of the electrodeF Wifig^tiSfii^ 
described above with reference to Figures 14-24. v ^ ^ 

[00145] From the foregoing, it will be appreciated that specific embodiments of v ; ^ 

the invention have been described herein for purposes of illustration, but 'thatr^^^^^ ; 



various modifications may be made without deviating from; 

- : ...... ^wv-'.-^v^vMvv 

scope of the invention. Accordingly, the invention is not limited except as' by-, . ... . 

W >;v,-?.?V - the appended claims. 
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CLAIMS 




1 . An implantable electrode assembly comprising: 

an implantable medium having a flexible body that is configurable 
between a first shape for insertion through a hole in the patient 
and a second shape different than the first shape to cover a 
surface area on a patient having a different size than the hole; 
and 

a plurality of electrodes carried by the flexible body, the electrodes 

being independently operable. ^ : 

2. The implantable electrode assembly of claim 1 wherein #ie: '^^'[I^W^^^ 
flexible body is in a compressed state in the first shape and an expanded H^4Mi:m^^^m 
state in the second shape. 





3. The implantable electrode assembly of claim 2 wherein the 
flexible body comprises a foam sheet. ^ ^ 

4. The implantable electrode assembly of claim 1 wherein:^ 
flexible body comprises an inflatable bladder which can 
the first state to'thie second state. 

5. The implantable electrode assembly of claim 4 wherein the / 
bladder is filled with a pressurized fluid. ^ ^'^^^"^^^^ 1^ 

6. The implantable electrode assembly of claim i. wherein :tH^ * > ^ ^ 
flexible body comprises a rolled sheet in the first shape arcd^nf^^ 
the second shape. 
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7. The implantable electrode assembly of claim 1; 
the electrode assembly further comprises a mechanical actuator in the ^ 

flexible body that moves the flexible body from the first shape to 

the second shape; and 
the flexible body covers the mechanical actuator. 



8. The implantable electrode assembly of claim 1 wherein: 
the electrode assembly further comprises a mechanical actuator in the , ^ -^7;,; :}\ 
flexible body that moves the flexible body from the first shape to 
the second shape, and the mechanical actuator comprises a - : /t^7 

plurality of fingers and a driver coupled to the fingers that A • ^;^^py^ ^ 
moves the fingers between a contracted configuration^ 
position the flexible body in the first shape and an expanded : " ^ ; ^ , 
configuration to position the flexible body in, the second shaped 



the flekiBie body comprises a sheath that covers t^ ; ^^re:^f ^H^^^^li^^f 



mechanical actuator; and 
the electrodes are carried by the sheath. 



■J 



9. The implantable electrode assembly of claim 1 whece|n;f^|^^^^^^^^^ 
the electrode assembly further comprises a mechanical actuator irrth^ *:^d^f^£- { _.± 
flexible body that moves the flexible body frbm^^$t^s|^|^^^^^^f 
the -second shape, and the mechanical a&uatbf^ 
shape memory filament that has an insertion configuration at an ! ; f 
external temperature outside of the patient and a deployed ^ 
configuration at approximately the body temperature of .the ^^^0^}:^- 
patient; • . .. ; t yif 1 

the flexible body comprises a sheath that covers at least a }^Q0^:^^^ij,W^k 
, . the shape memory filament; and " " -• " v ^i^$^^M^^^^^ 
the electrodes are carried by the sheath. \ " .-. •: • ? VSyWflfc/' ■ 
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10. the implantable electrode assembly of -dairm:^ 
shape memory filament comprises a nitinol strand. 

11. The implantable electrode assembly of claim 9 wherein the 
shape memory filament comprises a nitinol strand that is substantially straight 
in the first shape and curved in the second shape. 



12. The implantable electrode assembly of claim 11 wherein the 
shape memory filament is a spiral in the second shape. 



13. An implantable electrode assembly, comprising: 

a flexible support member having a first cortfiguraffiort£fo^ 

through a hole in the patient and a second configuration for;; 

covering a portion of a cortical surface 
a plurality of electrodes carried by the support member.' 




14. The implantable electrode assembly of claim 13 wherein the 
flexible support member comprises a compressible member that is inf a^^ 



compressed state in the first configuration and an 6>p^ 



second configuration. 



15. The implantable electrode assembly of claim 13 wherein the 
flexible support member comprises an inflatable bladder which can be filled 
with a pressurized fluid to move from the first configuration to the second 




configuration. 



16. The implantable electrode assembly oTclah^ 
flexible support member comprises a rolled sheet in the firstcbhflgurafto^ 
unfurled sheet in the second configuration. 



lift 
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17. Their 

the electrode assembly further comprises a mechanical actuator fn the 
flexible support member that moves the flexible support member 
from the first configuration to the second configuration; and 

the flexible support member covers the mechanical actuator. 



18. The implantable electrode assembly of claim 13 wherein: \ — hi 1 
the electrode assembly further comprises a mechanical actuator in the ' ■ " 
flexible support member that moves the flexible support member 
from the first configuration to the second configuration, and the-^^ 
mechanical actuator comprises a plurality of fingers and a dnV^---^^ 
coupled to the fingers that moves the fingers "between; a ^ ^ * 



in the first configuration and an expanded 
position the flexible support member in 
configuration; 

the flexible support member comprises a sheath that covers the fingers 

of the mechanical actuator; and 
the electrodes are carried by the sheath. 




19. 



The implantable electrode assembly of claim 13W^jffi|^^|^^^^^^^ 
the electrode assembly further comprises a mechanical actuator in the ; ^^y^^^MS-- - 
flexible support member that moves the flexible support member v i v ; # 
from the first configuration to the second configuration, and the ySii^k 
mechanical actuator ^^^^^ ^ ©horva momnrv/ fihmanf; ^^^imai^^^m^m^. 



has an insertion configuration 

outside of the patient and a deplby§d:f^ 

approximately a body temperature of the 'pahSr^fft^^^^^l 
the flexible support member comprises a sheath that covers at least a :: ^£ ; f V^'^^S^C.^ • 

portion of the shape memory filament; and - h?; >U ^ \-<> 

the electrodes are carried by the sheath. , ^xq^^f^y.-. 



20. The implantable electrode assembly of claim 19 whiereiri the 1 *- ^ 
shape memory filament comprises a nitinol strand. 

21. The implantable electrode assembly of claim 19 wherein the 
shape memory filament comprises a nitinol strand that is substantially straight 
in the first configuration and curved in the second configuration. 



22. An implantable electrode assembly, comprising: 
an expandable support member having a flexible body; and 
a plurality of electrodes carried by the support member. 



23. The implantable electrode assembly of claim :-^i>wb^ 

flexible body comprises a foam that is in a compressed state. Lin ^^(st^^^^^S&^ 
configuration and an expanded state in a second configuration. * f l ; ^ %AJ3 : - >i 

24. The implantable electrode assembly of claim 22 wherein the 

flexible body comprises an inflatable bladder which can be filled ^^^^^i^^^^i^^ 
pressurized fluid to move from a first configuration to a second cohfigurilion:^; ' \ r . 




25. Th^implantable electrode assembly of tfaiffi^AA/^^ 

flexible body comprises a rolled sheet in a first configuration and unfurled : > : '''^^k'-&k/ * 
sheet in a second configuration. y ; 4f 

26. The implantable electrode assembly of claim 22 wherein:. : isx^ii^^i^^^^^^ 
the electrode assembly further comprises a mechanical actuator irvthe^ ' >: ^ - - 

flexible body that moves the flexible 
configuration to a second configuration 
the flexible body covers the mechanical actuator 
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27. The implantable electrode assembly of claim 22 wherein: 
the electrode assembly further comprises a mechanical actuator in the 

flexible body that moves the flexible body from a first 

configuration to a second configuration; 
the flexible body comprises a sheath that covers at least a portion of 

the mechanical actuator; and 
the electrodes are carried by the sheath. 



[d] 



[c3] 



28. A method of stimulating a brain of a patient for effectuating a neural 
function comprising: * / ; '•'-^■x^pi§0^^^^^^^^^ 

positioning an electrode assembly in a first configuration proximate to;' 

a cortical region of the brain; 
reconfiguring the electrode assembly to have a second cohfigufati^^ 

different than the first configuration; and ' • '■■ 

applying an electrical stimulation to the cortical region of the brain ^^ 4fe 




through the electrode assembly. 




29. The method of claim 28 wherein positioning the electrode -assembly ; jp 
a first configuration comprises inserting the electrode assembly: throtigjh 
hole in the patient in a first shape and reconfiguring the electrode asis^mbl^ 
to have a second configuration comprises expanding the electrode assembly 
to have a second shape different than the first shape. 



30. 
first shape; 



The method of claim 29 wherein the second shape ^'ItfijaF^^SlS^^S^^S^ 



31. 




The method of claim 29 wherein the electrode assembly "rompr&Ss^ 



flexible implantable medium and at least one electrode, and the first shape 
comprises a compressed configuration and the second shape comprises an 
expanded configuration. 
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32. The method of claim 29 wherein the electrode assembly .comprises^;.;/^^ 
flexible implantable medium defined by a foam sheet and at least one 
electrode, and the first shape comprises a compressed configuration and the - v : 
second shape comprises an expanded configuration. 

33. The method of claim 29 wherein the electrode assembly comprises a'-" ^ / 
flexible implantable medium defined by a dielectric sheet and at least one 
electrode, and the first shape comprises a roll-up configuration and the 

second shape comprises an unfurled configuration. 

34. The method of claim 28 wherein the electrode assembly comprises: e^xl^k^MMm 
flexible implantable medium defined by an inflatable bladder 'arid; at l©^^9n^^^^||^p^ 
electrode, and the inflatable bladder moves between the first shape \and4he;?^ 

second shape. ; -., v ; ^ 

35. A method of electrically stimulating a region of a brain of a patient^ > / 
comprising: ' ' : * r ['i$&*t^:T' \ 

inserting an electrode assembly into the patient whiles 
assembly is in an insertion configuration; 

altering the electrode assembly to be in a treatment ^cbrifi^ura^ 

different than the insertion configuration after inserting the , • v#\ 

electrode assembly into the patient; and ' v 





occurs while tffe electrode assembly is in the treatment ror^giii^iBn^^ 

37. The method of claim 35 wherein the insertion configuration has a first 

shape with first surface area and the treatment configuration has a second \:y'^0^m^y, 

shape with a second surface area larger than the first surface area:. : 




[do] 38. The method of claim 35 wherein the electrode assembly -comprises- -a;^:!?!^^ 



flexible implantable medium and at least one electrode carried by the 
medium, and the insertion configuration comprises a compressed 
configuration and the treatment configuration comprises an expanded 
configuration. 



[cii] 39. The method of claim 35 wherein the electrode assembly comprises a 
flexible implantable medium defined by a foam sheet and at least one 
electrode carried by the foam sheet, and the insertion configuration 
comprises a compressed configuration and the treatment configuration^ : 
comprises an expanded configuration. 




[d2] 40. The method of claim 35 wherein the electrode assembly comprises 

flexible implantable medium defined by a dielectric sheet and at least one ^J^^ ! 
electrode carried by the sheet, and the insertion configuration comprises a 
rolled-up configuration and the treatment configuration comprises an urifurl|ti^;% 

:;. configuration. ' "': ' 
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